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RESEARCH ON CONNECTIONS STRENGTHENING SCHEME FOR COASTAL BRIDGE
UNDER HURRICANE INDUCED SURGE AND WAVE LOAD USING C-IEPM

LT HE
CIVIL, CONSTRUCTION AND ENVIRONMENTAL ENGINEERING
ABSTRACT

Considerable damage to the highway bridge system in the Gulf Coast area was
observed during the Hurricane Katrina disaster, of which the primary failure mode, caused
primarily by the storm-induced loading, is believed to be the superstructure-substructure
connection failure which caused further unseating and drifting of the decks. A new Carbon-
fiber Interfacial Epoxy-Polyurea Matrix (C-IEPM) composite is investigated as a potential
retrofit option for vulnerable girder-to-cap connection-details in coastal highway bridges.
Six scaled concrete girders were tested using a modified simulated storm surge and
slamming wave force function, derived using regional maps for a 100-year return-period
Hurricane Katrina. Two girders, designed using current AASHTO field connection-details,
failed catastrophically (concrete shear failure) in less than one-half load cycle. The CF/E-
strengthened girder, failing in less than one load cycle, experienced severe damage to its
girder-to-cap connection, including fiber and epoxy matrix breakage, delamination,
unsustainable girder-end rotations, and transient hysteresis. However, after 12 load cycles,
the C-IEPM-strengthened girder, providing substantial energy transferability (material

damping) through its connection-details, experienced only local cracking.
For a more in-depth understanding of the material C-IEPM and improving material
properties, a series of material investigations were conducted in a coupon-scale and nano-
scale. Using Generalized Maxwell models, the viscoelastic properties of epoxy, polyurea,

and C-1EPM are predicted, and results are verified using Dynamic Mechanical Analysis



(DMA). The Maxwell models for x-DCkerl, as a function of tc, are used in a finite element
analysis (ABAQUS) to control performance of dynamically loaded structures.

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM)
elucidate interfacial nanoscale morphology and chemical structure via reaction Kinetics of
curing epoxy (as a function of time, tc) and fast-reacting (pre-polymerized) polyurea. Nano-
Infrared Spectroscopy (hano-IR) spectra, per non-negative matrix factorization (NMF)
analysis, reveal that simultaneous presence of characteristic epoxy and polyurea vibrational
modes, within a nanoscale region, along with unique IEPM characteristics and properties
following thermomechanical analysis (TMA) and dynamic mechanical analysis (DMA),
indicates chemical bonding, enabling IEPM reaction kinetics, as a function of tc, to control
natural bond vibrations and type / distribution of interfacial chemical bonds and physical
mixtures, likely due to the bond mechanism between —NCO in polyurea, and epoxide and
—NH2 in epoxy hardener (corresponding to characteristic absorption peaks in nano-IR
results), leading to enhanced IEPM quality (fewer defects/ voids). Test results of ballistics-
resistant panels, integrated with thin intermediate layers of x-IEPM-b-tc, confirm that lower
tc significantly enhances loss modulus (« material damping and per DMA) in impact

dynamics environments.

Keywords: Hurricane; Coastal Bridge; AASHTO connection-details; FRP; Energy

transferability; Polyurea; IEPM
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INTRODUCTION

Background and Existing Problems

Hurricanes are one of the most terrible weather phenomena and have posed a
serious threat to infrastructure security in coastal areas in recent years, which is also closely
related to the national and individual economic benefits. Hurricane Katrina in 2005 remains
the single costliest hurricane in U.S. history — $161 billion [1]. In 2017, Hurricanes Maria,
Irma, and Harvey comprised three of the top five costliest hurricanes in U.S. history,
resulting in $265 billion in total economic losses and culminating in the costliest year on
record ($306.2 billion) [2]. Facing the threat of these highly destructive hurricanes,
increasing the hurricane resistance of infrastructure in coastal areas has become a
significant safety and economic concern. The Natural Hazard Mitigation Saves: 2018
Interim Report found a public benefit of $11 for every $1 invested in the disaster mitigation
on utilities and transportation infrastructure,[3] which highlighted the importance or the
potential value of investing in disaster mitigation.

Highway bridges, as one kind of essential infrastructure related to people's daily life
are threatened by hurricane-induced surge and waves in coastal areas. Because of the
impact of Katrina in 2005, at least $1 billion was allocated to the repair or replacement of
the damaged bridges. [4] Primary damage of the US-90 bay St. Louis Bridge was the loss
of the cap-to-girder connection resulting in the unseating of the girders. This damage
resulted in a cost of $267 million for the replacement of this bridge. Another bridge on US-

90, the Biloxi-Ocean Springs Bridge, also suffered the same damage; that is the loss of cap-



to-girder connection with the bridge spans unseating from bent cap during Hurricane
Katrina. In addition to the direct damage to the bridge, it took significant effort and expense
to salvage and dispose of these damaged bridge spans.

The same situation also occurred to the 1-10 bay way twin bridge in Mobile,
Alabama both in 2004 and 2005. Hurricane Ivan destroyed the Mobile bay way bridge in
2004, and Hurricane Katrina devastated the same bridge again in 2005. Some of the bridge
spans were wiped out by the surge and waves caused by Hurricane lvan in 2004. Also,
many of the spans were laterally dislocated by the hydrodynamic force of the surge and
waves. Moreover, in 2005, some on-ramp spans of 1-10 bay way bridge in Mobile were
laterally dislocated due to the impact load created by Hurricane Katrina. [5]

There are 140,000 miles of coastline in the US, and many highway bridges along
the coastline are comprised of simply supported spans. [6] The existing bearing
connections of these bridges between superstructure and substructure are fragile with
respect to the hurricane-induced surge and surface wave forces. Once the cap-to-girder
connection is lost, the deck can be easily raised and pushed forward by the strong waves,
leading to dislocation, flipping, and dropping the spans into the water, which are
catastrophic damage to this type of bridge structures. It is generally believed that coastal
highway bridges collapse in a hurricane because of the designs that did not take into
account the hurricane-induced surge and wave loads: first, the clearance of the bridge was
too small; second, the connections between the upper and lower structures of the bridge
were too weak to against the loads.[7]

Alleviating the disaster caused by the hurricane to coastal highway bridges can be

accomplished in two ways: (1) increasing the clearance of the bridge, which makes the



waves unable to impact the bridge span; and (2) strengthening connections between bridge
superstructure and substructure, which allows the bridge spans to resist the forces due to
surge and waves.

Technically, the first option to increase the elevation of the bridge is better as the
elevation of the bridges contributes the most to the hurricane-induced wave loads. [8] But
in reality, more factors need to be considered, for example, the budget. In July 2019, the
Alabama Department of Transportation (ALDOT) planned to take the first solution and
presented a project that estimated to spend $2.1 billion to replace the old bridge and rebuild
a new toll bridge in Mobile Bay which could withstand a 100-year hurricane[9]. However,
a toll bridge means that the government does not have enough budget for the bridge, and
many people will pay more for everyday transportation, which has caused a big argument
in Alabama.

It does take much money to replace old bridges and construct new bridges.
Moreover, it is a considerable waste to remove an old bridge if it is still within its service
life. So, sometimes, it may be better to select the more economical option to strengthen the
connections of these highway bridges in coastal areas, which makes the research on
connections strengthening for coastal bridges to against hurricane-induced surge and wave

loads vital and necessary.

Hurricane induced surge and wave loads on bridges
Due to the significant damage of coastal bridge caused by the Hurricane Karina in
2005, many researchers began to pay attention to the impact of waves on the coastal

highway bridges. The Auburn report in 2008 [10], compared four different methods, which



included the AASHTO method, to calculate the maximum hurricane wave induce load on
the bridge deck and recommended the modified Douglass function (attached in the
appendix A) for the calculation of the maximum hurricane wave-induced load on coastal
bridges. The Auburn report concludes that a Mock-C simulation would generate the
following maximum surge/surface wave forces on the bay-way spans: F, (vertical force) =
539 kips (2398 kN); Fj (lateral force) = 169 kips (752 kN); and M (moment) = 5,769

kip * ft (7822 kN » m). The calculation of load is based on the theoretical mechanics

assumption in-plane, where a bridge cross section is taken for analysis and the main
parameters are maximum wave elevation and bridge elevation (See Appendix). However,
it does not take into account the dynamic characteristics and the three-dimensional
distribution characteristics of the wave load.

Recent studies have focused on the forces acting on the bridge deck and the motion
response of the deck under the impact of waves. For example, Bradner [11] et al. did an
experimental model of a 1/5 scaled bridge span to study the reaction response at each
connection of the deck under wave forces. Do [12] et al. built a large-scale 3D model using
Abaqus to simulate the impact of waves on the coastal bridge model, and the reliability of
the finite element simulation is verified by comparison experiments. Yalong Cai [13] build
a 2D FSI model using Adina to investigate the bridge decks under a simulated wave impact,
which indicates that the lack of capacity of the bridge connections.

Based on current research, the researchers are keener to observe the real-time
response of the bridge under hurricane loads. They like to use the CFD simulation to
perform their study. However, because of the limitation of the computing capacity, many

of these researches use a small model instead of actual size, and the CFD simulation always



considers the bridge deck is a rigid body and assumes the connections of the bridge deck
to the cap as either tied or free, which is not accurate. While computing capacity becomes
greater and greater, future studies on this problem should consider the fluid-solid coupling
effects. This research helps to understand the factors (for example, the wave’s period and
height) that influences the loads on the bridge deck. And the accurate simulation results

can be used to direct the experiments on this particular topic.

Existing connections and its failure modes
Connections between the superstructure and the substructure of coastal highway
bridges are liable to damage under the impact of hurricane-induced surge and wave action.
It is crucial to determine how the connections are damaged as a result of the surge and
wave loads, which would help to find the right solution to strengthening the connections.
There were a few research works focused on these bridge connections, most of which
involved on-site investigations.

Figure 1 shows the site investigation photos of the connections between the
substructure and the superstructure of the 1-10 bay way bridge. The bridge superstructure
is connected to the bent cap using “L” clip angles with one side bolted to the girder, and
another side bolted to the cap beam. Moreover, some of the girders were not bolted to the
cap beam, see Figure 1(b), due to construction errors or difficult access. In some area,
where the steel connection is exposed to the air and seawater without enough protection,
the steel is easily corroded, which may allow the connections to fail when loaded with the
hydraulic impact force. These weak connections make the bridges susceptible to

catastrophic damage in the event of large hydrodynamic forces and hydrostatic forces,



where the latter may be caused by slamming forces from breaking waves which would
subsequently entrap air and create large upward force on the superstructure. The resulting

buoyant forces, effectively reducing the weight of the spans, may facilitate lift-up of the

spans from their supports and sub-structures.

Figure 1. Typical ‘anchored’ spans: The underside of the I-10 East bay- way.

For the bolted girders, the most common failure mode is failure of the inserts
embedded in girder failure. [14] Figure 2 depicts this type of failure mode, where the

threaded inserts are pulled out by lateral dislocation, while the concrete on the bottom bulb

of the girder is broken.
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Figure 2. Threaded inserts pulled out of girder bottom bulb

Another failure mode is concrete spalling and subsequent failure of the embedded
anchor bolts (in the cap) as shown in Figure 3. The cap beam concrete has spalled in these

cases because of the tremendous stresses in the bent and its anchor bolts.
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Figure 3. Spall and bent anchor bolts and concrete rupture at the end of bent cap

The last case of failure mode is the clip angle failure [14], which is shown in



Figure 4, indicating that angle failure may be induced by lateral forces, without

weakening of the angle due to corrosion from seawater.

Figure 4. Damaged clip angles remaining after girders moved laterally

Current solutions to the connection problems for coastal bridges

Because the connections between the upper structure and the substructure of the I-
10 Bay way Bridge are not reliable under the condition of Hurricane load, the bay bridge
is likely to repeat the tragedy of 2005, causing billions of dollars in losses. Many
researchers have proposed some new strengthening methods for the bay bridge structure to
deal with this catastrophic damage. However, many of the proposed methods may lead to
higher stress concentrations in the concrete of the connecting part, leading to the spalling
of the concrete.

In 2008, ALDOT had a new plan for increasing the connection capacity, which
utilizes through-bolts instead of the threaded inserts, see Figure 5. And in 2011, at the

conference “Solutions to Coastal Disasters 2011 hold by ASCE, lan N. Robertson et al.



[14] recommended the same connection method for the solution. However, this type of
connection may not be the ideal solution to the coastal bridges’ problems caused by a

hurricane.
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Figure 5. Post Katrina connection design

In 2011, Jora B. Lehrman et al. [15] did a study on the performance of highway
bridge girder anchorages under an actuator-simulated hurricane wave induce load, where
three typical anchorages (See Figure 6) for AASHTO Type Il girders were investigated,
and the ultimate capacity of these three types of anchorages with vertical loading were:
102.1 kN for Clip Bolt (Figure 6a), 417.4 kN for Headed Stud ( Figure 6b ), and 151.1kN
for Through Bolt, all of which were far less than 566.2 kN induced by Hurricane Katrina,
Mock C. The results show that the post-Katrina connection only increases the capacity of
the pre-Katrina connection by about 50 percent, which is insufficient to provide the

resistance required to survive a 100-year hurricane similar Katrina.
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Figure 6. AASHTO Type Il girder connections

There were also some other proposed strengthening methods to increase the
hurricane resistance of coastal bridges presented by US Federal Highway Administration
in 2016. [16] Figure 7 also shows potential retrofit methods to the existing I-10 Bridge, which
would increase continuity. The first option is to increase the connections’ capacity, where
Figure 7a depicts the connection that makes a “Z” shape clip angle that can cover the girder
bulb and uses two steel braces to increase the clip angle’s stiffness. The second option is adding
shear bocks on the cap to prevent the girder from moving laterally. The third option is drilling
holes in the end diaphragm of bridges and using stiff rods to increase the connectivity of each
bridge deck, which may increase the effective weight of a single span and allow adjacent spans

to resist the impact load together.

(@

Figure 7. (a) Connection that increases the lateral and uplift capacity; (b)shear block type
connection; (c)connection to increase span continuity
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These are possible options to improve the capacity of the bridges’ hurricane
resistance. However, an ideally rigid anchor connection, like Figure 7a, is not a viable
solution, providing minimal energy dissipation to attenuate potentially large accelerations
and resulting in sudden concrete fracture and superstructure uplift or lateral dislocation.
Also, the negative moment may cause some problems to the connection such as cracking
at the girder ends. The shear blocks in Figure 7b only increase the lateral capacity, but not
do provide any vertical resistance. The third option in Figure 7c needs more research
validation as the diaphragm is very thin.

Other concepts considered for increasing the capacity of the cap-to-girder
connection include using FRP to wrap the end of the girder end and the bent cap, drilling
holes in the deck to allow air to pass through the deck to reduce the buoyancy of the

entrapped air, and providing external connections to the superstructure and substructures.

Carbon fiber reinforce Interfacial Epoxy / Polyurea Matrix (C-IEPM)

In this presented the research, Carbon-fiber reinforced Interfacial Epoxy-Polyurea
Matrix (C-IEPM) is used for external connections for the bridge in the coastal area. C-
IEPM is an innovative composite developed to dissipate more energy when it was used for
structural retrofitting. The C-IEPM is manufactured using a dual-hybrid matrix system
involving amino-based polymeric compounds to provide necessary viscous-type damping
and high strength sustainability. Tekalur [18] et al. conducted a blast experiment to test a
polyurea coated composite’s blast resistance and found that the additional layer of polyurea
on the impact face considerably increases the blast resistance. Zhou[19], et al. indicated

that energy absorption tends to increase with more exceptional polyurea thickness and
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lower elapsed curing time(¢.) of the epoxy in both quasi-static and impact crash tests.

The objective of the research

The goal of the proposed research is to optimally mitigate highly probable
catastrophic surge and wave force damage to coastal bridges at an affordable cost.

The objectives of the proposed study are:

Provide a cost-effective connection detail that will reduce damage by
hydrodynamic forces from wave and surge loading using C-IEPM

Enhance ductility and damping, fracture toughness, and impact-resistance
properties through the use of C-IEPM

Increase the vertical force and lateral force capacities of the bridge cap-to-girder
connection

Ensure adequate joint expansion via elastomeric C-IEPM

Develop a ‘processing window,’ i.e., a timeframe to manufacture C-IEPM on-site
to acheive desirable properties of C-IEPM.

In the proposed study, the analysis that stems from the 930-687 Auburn Report [10]
for Category 3 - 5 hurricanes will be used to develop a cost-effective C-IEPM connection
detail to accommodate hydrostatic and hydrodynamic forces to protect against surges over
17ft and large wave forces, i.e., Mock C hurricanes. The C-IEPM will be specifically
designed for critical connections in order to maximize energy dissipation in each bridge,
i.e., the ‘total-bridge.’ The analysis, treated as a significant optimization problem, will yield
the best combination of C-IEPM connections (i.e., comprised of the same system of

polymers but processed differently) at various locations in the bridge.

12



While enhancing ductility is a critical facet of this research, the dissipation of
kinetic energy maximizes damage mitigation upon surge and wave impact, where damage
to the connection detail is ‘localized’ via ‘damage barriers’ built within the C-IEPM. This
provides tremendous resiliency to the connection and also helps sustain the strength of the
C-IEPM. To accomplish this, C-IEPM dissipates energy through an internal damping
phenomenon that is located at the interface of its unique epoxy - polymer (which is a pre-
stabilized polymer) reaction, thus allowing substantial energy to be dissipated via
molecular interfacial redundancy. The dissipation of energy through the C-IEPM joints also

reduces the amount of force that is ultimately transmitted to the piers.

Organization of Content

This research aims to develop an effective connection method for coastal bridge
against hurricane-induced surge and wave using an innovative fiber-reinforced composite.
This research compares different connections that may be used on existing coastal bridges,
which proves that the proposed material (C-IEPM) has an excellent potential to be the
candidate for application on coastal bridges. Moreover, this research encompasses a more
in-depth investigation of the proposed C-IEPM so that the properties of this strengthening
material (C-IEPM) can be improved.

Paper 1 presents the experimental results of the six scaled concrete girders tested
using a modified, simulated storm surge and slamming wave force function, derived using
regional maps for a 100-year return-period Hurricane Katrina type storm. Responses of the
different connection details include pre-Katrina, post-Katrina and strengthened

connections using CF/E ( Carbon Fiber reinforced Epoxy) and C-IEPM are compared,
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showing that the C-IEPM strengthened connections are the best performing, dissipating
more energy and offering better resistance to hurricane induced forces than CF/E.

Paper 2 focuses on the effect of the bonding property that affects the damping of
the proposed material C-IEPM (called C-DCI in Paper 2). Different pre-cured times, ., are
investigated using Dynamic Mechanical Analysis (DMA), and a viscoelastic model is
developed using the General Maxwell Model, whose parameters are used in an Abaqus
finite element model. Finally, the FE analysis proves that a better adhesive between epoxy
and polyurea results in a higher tand or damping.

Paper 3 discusses in more detail the investigation of the interfacial area of C-IEPM,
using Nano-IR and SEM, investigating the chemical reactions of the interfacial areas so a
new polyurea can be produced. The results show that the lower 7. leads to a wider interfacial
area, allowing a better transition from epoxy to polyurea. This new polyurea toughens the
epoxy surface, giving the CF/E better fracture toughness and energy dissipation. This
accounts for why the C-IEPM has a much better performance than CF/E and why the

control of curing time (z.) is important for the application of this new material.

14



INTEGRATING ENERGY TRANSFERABILITY INTO THE CONNECTION-DETAIL
OF COASTAL BRIDGES USING REINFORCED INTERFACIAL EPOXY-
POLYUREA REACTION MATRIX COMPOSITE

By

LI HE, THOMAS L. ATTARD, HONGYU ZHOU, AND ADAM BROOKS

Composite Structures, Volume 216, 15 May 2019, Pages 89-103

Copyright
2019
by
ELSEVIER

Used by permission
Format adapted and errata corrected for dissertation

15



Abstract

A new Carbon-fiber Interfacial Epoxy-Polyurea Matrix (C-IEPM) composite is
investigated as a potential retrofit option for vulnerable girder-to-cap connection-details in
coastal highway bridges. IEPM is a reaction of crosslinking epoxy with functional groups
of pre-polymerized polyurea, producing an energy-transfer mechanism inherently absent
in conventional carbon-fiber reinforced epoxy (CF/E) that drastically reduces the
serviceability limit state during extreme hurricane events. IEPM is a covalently bonded
interface, produced as a reaction of migrating epoxy species (epoxide and amine-based
hardener), controlled as a function of their curing time (z.), with highly reactive isocyanate
and amine polyurea moieties. To demonstrate IEPM effectiveness, six scaled concrete
girders were tested using a modified simulated storm surge and slamming wave force
function, derived using regional maps for a 100-year return-period Hurricane Katrina. Two
girders, designed using current AASHTO field connection-details, failed catastrophically
(concrete shear failure) in less than one-half load cycle. The CF/E-strengthened girder,
failing in less than one load cycle, experienced severe damage to its girder-to-cap
connection, including fiber and epoxy matrix breakage, delamination, unsustainable girder-
end rotations, and transient force-displacement hystereses loops. However, after 12 load
cycles, the C-IEPM-strengthened girder, providing substantial energy transferability
(material damping) through its connection-details, experienced only local cracking.

Keywords: AASHTO connection-details; FRP; Energy transferability; Polyurea; IEPM

16



Introduction

In 2017, Hurricanes Maria, Irma, and Harvey comprised three of the top five
costliest hurricanes in U.S. history, resulting in $265 billion in total economic losses and
culminating in the costliest year ($306.2 billion) on record [1]. However, Hurricane Katrina
in 2005 remains as the single costliest hurricane in U.S. history - $161 billion, including
over $1 billion in repair or replacement cost of damaged bridges [2]. Hurricane Katrina
also revealed a direct relationship between elevated storm surge and structural damage
(although debris impact was also a prominent factor), highlighting deficiencies in girder-
to-cap connections (“‘connection-details”) in highway bridges along the U.S. Gulf Coast.
Currently, there are over 70,000 bridges crossing coastal tidally-influenced waters in the
U.S. Many of these bridges were designed similar to the I-10 bay-way twin bridges in
Mobile, Alabama [3], which experienced unseating and significant drifting of bridge decks,
namely six on-ramp spans, from storm-induced wave forces during Hurricane Katrina,
exemplifying the potential devastation that large storm disasters can levy on coastal bridge
infrastructure.

Current strength design and retrofit solutions for coastal bridges may not
sufficiently mitigate substantial damage, let alone minimize limit states [4], during large
hurricane events. Post-disaster surveys reveal that elevated storm surge and waves are
directly responsible for bridge structural damage, mainly due to weak girder-to-cap
connections. Douglass (2006) [5] and Chen (2009) [6] determined that culpable storm
surges conduce strong lateral strikes (slamming wave forces) on the superstructure,
exceeding the design capacity of cap-beam anchors. Ramey et al. (2008) [7] found that

superstructures are pushed-off of their cap-beams decks, as decks become dislocated,
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because of insufficient connection-details. In this light, remediation of the connection-
detail has been examined using various laboratory experimental and computational
simulation tests to analyze the effects of wave forces. Douglass [5] developed a method to
calculate the horizontal and vertical wave loads on bridge decks. Using the I-10 bay-way
bridges in Mobile, Ramey et al. [7] compared AASHTO design specifications to Douglass
and modified Douglass methods, finding that the latter more consistently modeled field
data because it accounted for the trapped air under the bridge deck cell, perpetrated by the
rising surge and leading to hydrostatic forces. Schumacher et al. [8] and Bradner et al.
[9,10] simulated dynamic deck responses of the I-10 bridge across Escambia Bay using a
1:5 scale model and over 400 wave conditions to capture actual wave effects. Xiao and
Huang et al. [11] used the Biloxi Bay Bridge in Mississippi to develop a volume of fluid
(VOF) model to investigate the effects of submersion depth of the bridge deck on wave
uplift force during Hurricane Katrina. Bozorgnia et al. [12] and Seiffert et al. [ 13] examined
the influence of trapped air on bridge decks. In 2017 and 2018, Tang et al. [14, 15] used a
numerical model to confirm that the response of bridge-decks to wave forces is mostly
influenced by the behavior of the connection-details.

Lehrman et al. [16] tested threaded insert/clip bolt anchorage (CB) of Pre-Katrina
(as-is) and through-bolt anchorage (TB) Post-Katrina (retrofit) connection-details in
coastal highway bridges subjected to simulated Katrina wave forces, revealing the
connection region’s vulnerability to sudden catastrophic failure. While various retrofit and
strengthening techniques have been explored to enhance the capacity of the connection-
details and remediate their failure mechanisms [17], many of these methods ostensibly lack

sufficient material damping to transfer the high dynamic energy from imposing hurricanes.
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For example, the “post-Katrina” retrofit, implemented in the I-10 bay-way across Mobile
Bay, increased embedment length of the anchors (into the cap-beam) and extended threaded
inserts through-the-width of the flange. Other alternative retrofit measures included: (1)
steel strips to strengthen connection-details; (2) shear blocks to alleviate lateral dislocation
of girders; and (3) Fiber-Reinforced Polymer (FRP) to increase shear strength of the
concrete (see Ramey et al. [7]), albeit FRP has a propensity to experience brittle and sudden
shear failure [18]. Because these solutions underperformed [7], another suggestion
centered on increasing the superstructure elevation to reduce uplift and lateral forces at the
girder-to-cap region [17]. However, demolition and reconstruction of coastal bridges,
including many older low-lying bridges, can be cost-prohibitive [19], consuming more
material and time while disrupting a municipality’s functionality, and may ultimately
induce larger stresses.

In the absence of significant material damping at the connection-details in current
strengthening and retrofit schemes, a new materials-interface solution is proposed for
coastal bridges under extreme wave forces. C-IEPM utilizes the time of epoxy curing, .,
to dial-in chemistries that, at the macro-scale, are shown to enhance safer energy
transferability through the connection-details. Six, 25% scaled spans, including 4.57 m
long reinforced concrete girders supported on rigid end-cap-beams, were dynamically
tested by applying a scaled function that mimicked simultaneous surge and slamming wave
forces (Hurricane Katrina). Connection-details of the test girders included: (1) mechanical
threaded inserts and bolts plus cap-beam anchors, (2) CF/E, and (3) C-IEPM. Analysis of
the failure modes in the six spans revealed that insufficient material damping in the

connection-details would render current field-designed girders as susceptible to rapid
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destruction due to potential shear failure of the concrete that surrounds the ‘threaded inserts
and bolts’ connection. Test results of a “Post-Katrina™ retrofit, which uses threaded inserts
with through-bolts (through the width of the flange) and an increase in anchor development
length into the cap-beam, reveal only a marginal reduction to the serviceability limit state
in coastal bridges. The results highlight that an increase in ductility without bona fide
means to enhance material damping leaves coastal bridges vulnerable and likely to
experience quick catastrophically failure during large hurricane events. To address this
issue, a C-IEPM-retrofit of the connection-details, relative to a conventional CF/E retrofit,
shows that C-IEPM substantially increases material damping, thus relegating girder

damage locally and drastically enhancing bridge serviceability.

Description of Interfacial Epoxy-Polyurea Matrix (IEPM)

Conventional Carbon Fiber Reinforced Epoxy (CF/E), or generally referred to as
CFRP (P = polymer), is a high-strength brittle material commonly used to strengthen or
retrofit various civil/ structures [20-22]. Inception of an Interfacial Epoxy-Polyurea Matrix
(IEPM) and its integration to CF/E — by annexing IEPM to CF/E to produce a new Carbon-
fiber Interfacial Epoxy-Polyurea Matrix (C-IEPM) — is conceptualized on the notion of a
highly damped transitional material, specifically a chemically bonded interface
characterized by designable molecular vibrational properties, that lies between brittle
epoxy matrix and (elastomeric) polyurea matrix. The purpose of IEPM is to enhance energy
transferability (e.g., dissipation) of imparted wave-induced energy, diverting crack
formations away from stiff and brittle fiber and epoxy networks, thus allowing the high-

strength of carbon-fiber to be sustainable while incorporating greater structural resiliency
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[23]. Aliphatic polyurea is a two-part elastomer consisting of Part A, i.e., an (-NCO)-based
quasi-prepolymer comprised of isophorone diisocyanate (IPDI) and polyoxypropylene
diamine (in lieu of the polyol used in aromatic polyurea), and Part B. Part B is a resin-
blend composed of a high-molecular weight resin, e.g., polyoxypropylene amines, that
develop polyurea flexibility, and a chain extender. The chain extender is a low-molecular
weight cycloaliphatic diamine, that helps to complete the polymer chain and controls
overall polyurea dry-time, moisture diffusity and moisture absorption. The lack of
moisture-inducing polyol and addition of a co-chain extender (or a hindered amine) further
helps promote chemical reactivity between (-NCO) moieties and curing epoxy (and small
tc), resulting in high-quality IEPM that drastically enhances material damping in
conventional CF/E.

Paucity of essential material damping in CF/E structures is often over-compensated
by aggrandizing carbon fiber quantity, thus amplifying cost and pre-disposing the structure
to unexpected failure. Similarly, while a polyurea top-coat applied to cured CF/E can
provide additional elasticity, polyurea cannot sufficiently supplement fracture energy
absorption in CF/E to stabilize crack growth and crazing [24]. However, a well-designed
IEPM, located between epoxy and polyurea components and comprised of aliphatic “pre-
polymerized” polyurea moieties and curing epoxy (at small 7 and low epoxy-resin
viscosity), is a viable candidate for injecting critical material damping and fracture
toughness in CF/E-designed composite structures.

IEPM is a chemical mixture of topically mixed curing epoxy and reactive polyurea,
whose moieties (functional groups) chemically react to produce a covalently bonded

structure. Zhou and Attard [25 - 27] previously examined CF/E - IEPM (C-IEPM) as a
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retrofit option in severely damaged reinforced concrete walls and beams, in new steel
beams, and in the design of tornado storm rooms, demonstrating the ability of C-IEPM to
sustain high-fiber-strength by enhancing material damping, and thus reducing the risk of
catastrophic structural failure. Fig. 1 illustrates the multi-layer composition of C-IEPM:

Fiber, Epoxy, IEPM, Polyurea.
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Fig. 1. (a) IEPM polymerization comprised of covalent bonds between polar -(NCO) and
-(NH>)-epoxy moieties, and epoxide functional groups; and (b) curing reaction of epoxy

The reaction of ongoing cross-linking between — (NHz-epoxy) and epoxide (as a

function of #.) leads to a likely reaction between epoxide, — (NH2-epoxy), and — (NCO),
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which comprises a covalently bonded IEPM structure, see Fig. 1. Depending on the curing
time, f., of — (NHz2-epoxy) and epoxide before applying the “pre-polymerized” polyurea,
designable material damping and fracture toughness may be incorporated into C-IEPM-
retrofitted structures, verifying a link between IEPM (#) chemical bonding and bulk
material properties.

Parts A and B of aliphatic polyurea are mixed in the impingement chamber of a
spray gun (Fusion Air Purge® by Grayco®) at 73.9°C and pressure at 14.5 MPa. In “pre-
polymerized” form, i.e., in its dynamic or still-curing form, the polyurea mix is sprayed to
the desired epoxy surface. In accordance with fiber-epoxy manufacturer specifications
(BASF®) [28], the epoxy-resin (DGEBA) and amine-based hardener were mixed at a ratio
of3:1.

IEPM provides supplementary material damping to CF/E depending on its
“chemical bond richness,” i.e., distribution and density of the chemical bonds. IEPM,
characterized by designable enthalpy and molecular vibrational properties, evinces energy
transferability [29] via loss modulus and fracture toughness, providing added resistance to
the girder/ cap-beam connection against large wave and surge impact forces. In the
formulation of C-IEPM, ¢ is a critical processing parameter, linking optimal moiety
reactivity between — (NCO), — (NHz-polyurea), — (NHz-epoxy), and epoxide that
maximizes energy transferability of surge and impact forces. He and Attard [30] showed
that 7. = 0 (applying polyurea immediately after mixing epoxy-resin and amine-based
hardener) maximizes loss modulus (o< which is proportional to material damping) in C-
IEPM, thus minimizing connection-detail damage. In the construction of CF/E and two out

of the three C-IEPM test girders, the carbon fiber sheets (FIB 600/50 CFS, uni-directional
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architecture, 600 g/m?, 3800 MPa tensile strength, 0.33 mm/ply fiber thickness) were
produced by BASF ®, USA. Although the strength of CF/E and C-IEPM is approximately
the same (2,800 MPa) - i.e., the tensile strength of polyurea (100% solids pure aliphatic
polyurea produced by VersaFlex®, USA) is negligible (between 5 and 17 MPa), the IEPM
chemistry in C-IEPM contributes critical molecular vibrational / damping properties [30]

that conventional CF/E lacks.

Experimental Program

Preparation of scaled girders specimens and connection details

The AASHTO Type III girder used in the I-10 bay-way bridge across Mobile Bay
is depicted in Fig. 2a. Lehrman et al. [16] used a modified AASHTO Type III prestressed
girder in an anchorage study of highway bridges subjected to simulated wave-induced
loads. In the current study, six AASHTO Type III test girders were designed according to
plans provided by the Alabama Department of Transportation (ALDOT) using similar
cross-sectional geometries, see Fig 2. The lab-designed (test) girders were constructed at
Ya-scale of a typical field-designed girder in terms of span-length (4.57 m versus 18.29 m)
and at approximately '/3-scale in terms of cross-sectional area (0.123 m? versus 0.361 m?).
Similarity principles were maintained between the lab and field designs, where
corresponding stresses at the connection-details and near the concrete girder-ends remained
consistent. Fig. 2b illustrates the cross-section of a typical lab-scale test girder, and Table
1 compares design details of the prototype AASHTO III type girder and the test girder. As-
is connection-details of the prototype field-girders are in accordance with existing “Pre-

Katrina,” see Fig. 3a, and “Post-Katrina,” see Fig. 3b, designs [7,31]. Carbon- fiber (CF/E
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and C-IEPM) was used to strengthen the connection-details, see Fig. 3¢, by wrapping it

around portions of girder cross-section and cap-beam; the strategy is akin to conventional

CF/E-strengthening of marine-pile connection-details [32].
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Fig. 2. End view of AASHTO girders: (a) in the field; and (b) in the lab (dimension in mm)
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(c) Options to strengthen (CF/E) or strengthen plus enhance damping (C-IEPM) existing mechanical connection-details
Fig. 3. (a) Pre-Katrina connection-details; (b) Post-Katrina connection-details; and (c)
options for strengthening existing mechanical connection-details using C-IEPM and CF/E
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In order to enhance ductility, stiffness, and strength in the substructure of the I-10

bridge (below the girder), one retrofit option [33, 34] involved wrapping CF/E around

portions of the pier, connection-details, and girder. However, delamination and significant

fiber damage made this option ineffective against large hurricane wave forces due to a lack

of substantial damping which delimits structural resiliency and strength sustainability.

Conversely, in order to ascertain a remedy to CF/E shortcomings, C-IEPM was used to

reduce girder responses and alleviate failure of the connection-details through the IEPM

interface via supplemental material damping.

Table 1

Comparison of AASHTO type IlI girder used in the field and '/4- scale test-girder

Component As-Is Lab-Scale

Girder Type Pre-stressed Reinforced

Concrete Grade (U.S.) 4,000 psi 4000 psi

Span Length 18.28m 4.57m

Section Depth 1.14m 0.61m

Flange Width 0.559m 0.305m

Anchors bolts ¢ =31.75 mm; L= 381 mm; ¢ = 15.88 mm; L=203 mm;
279.4 mm embedment 1524 mm embedment

Thread inserts (Pre- ¢ = 19.8mm; L=76.2 mm,; 0=12.7 mm; L=50.8mm;

Katrina) 63.5 mm embedment 38.1 mm embedment

Thru-bolts (Post-Katrina) ¢ =22.2 mm; ¢ =12.7mm;

Length (L); Diameter (¢) L =508 mm L=330mm

The fiber lay-up design for CF/E and two of the three C-IEPM test girders are

identical, see Fig. 4a inset. Fig. 4a illustrates the sequential (step-by-step) application of

fiber to the connection-detail, providing a nominal strength of about 2.503 kN / mm (of
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fiber width along the weak girder / cap-beam edge). Fig. 4b shows the application of anchor
strips, and Fig. 4¢ shows the final fiber-epoxy lay-up at the girder cross-section. Fig. 4d
shows a close-up view of the retrofitted mechanical connection-details. In Figs. 4b - d,
CF/E is generated when the epoxy has fully cured while C-IEPM (total thickness of ~ 7
mm) is produced after spraying a thin layer (~3 mm) of polyurea to curing epoxy. The loss
modulus (x material damping) provided by IEPM (physical width: 10 um to 50 um), which
is layered beneath the overlying polyurea, provides tremendous resilience to the girder and

increases the likelihood of hurricane survival.
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Fig. 4. CF/E procedure for retrofitting the mechanical connection-detail in concrete girders,
showing (a) sequential fiber lay-up; (b) carbon-fiber applied to a girder-end that has no
existing mechanical connections; (c) final CF/E lay-up; and (d) CF/E applied around
mechanical connections (note: following CF/E lay-up, C-IEPM may be manufactured by
spraying polyurea to the wet (curing) epoxy surfaces in (c) and (d))
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Experimental Test Setup and Instrumentation

Wave height and period are two critical parameters used to calculate wave and surge
forces [7, 35, 36]. The maximum wave elevation during Hurricane Katrina in Mobile Bay
was recorded as 7 m [37]. A wave load cycle of eight to ten seconds (duration) may be
interpolated using the relationship between maximum wave height and simulated wave
periods, designed using probability density functions of 100-year return-period
occurrences in the Gulf of Mexico [38]. Assuming a 9-sec period and using a 250 kN
capacity dynamic hydraulic actuator with a rotating / swivel head, a combined hurricane-
induced load function for wave and surge forces was determined in accordance with the

superimposed profile in Fig. 5d [39].
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Fig. 5. Laboratory test set-up, showing (a) actuator force applied to the test girder via rigid
steel beam connected to the girder at three points; (b) profile view of the actuator loading
angle; (¢) J-plate; and (d) Modified (lab-scale) Hurricane Katrina wave forcing function
produced by the actuator (red) that models the desired theoretical wave load according to
the modified Douglass function [5,31]
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The peak actuator force was calculated as 160.1 kN, or “4-scale of the actual (non-
scaled) peak force for Hurricane Katrina. The force-controlled load function was
comprised of a 5-second loading cycle (where wave load rises for 2.5 sec, remains constant
for 1 sec, then retracts for 1.5 sec) and 4 seconds of load acquiescence. The “red” load
function in Fig. Sd was applied to each Test Girder (TG) using a ‘rigid steel loading beam’
that was anchored at three positions, see Fig. 5a, using three “J-plate” connectors, see Fig.
5b. The connection-details in Table 1 and shear stresses near the girder-ends were designed
in accordance with a stress similarity analysis of the field-designed girders using forces of
566.3 kN (vertical) and 150.3 kN (horizontal) that were calculated using the modified
Douglass equation [5,31] and that also accounted for girder and tributary-deck weight [7].
Simulations were used to confirm that five-point loading, facilitated through the rigid steel
beam, may be used to model a uniform wave-and-surge combined loading accurately. In
this case, the actuator was positioned at 6 = 76° relative to a horizontal plane, see Fig. Sc,
resolving components into simultaneous surge (vertical) and slamming wave (vertical and
lateral) loads through the rotational actuator head. These loads were transferred primarily
to the connection-details of each test girder [14, 15, 17].

This study focuses on enhancing the connection-details in coastal bridges. Six lab-
scale test girders, without deck-bracing, were conservatively designed using reinforced
concrete (instead of prestressed concrete) and tested in the structural high-bay laboratory.
The test girders (TG) and their retrofit schemes are summarized in Table 2.

Pre-Katrina and Post-Katrina TG were designed in accordance with ALDOT design
specifications [31] and using in-field measurements of the I-10 bridge. For interior-span

girders freely resting on their cap-beams, where neither girder-end is mechanically
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attached, connection-details of a C-IEPM_0 TG (¢ = 2.5 hr) were strengthened at both ends
with C-IEPM using a plain weave (PW) bi-directional fiber (ACP Composites®, 127 g/ m?,
3,654 MPa tensile strength, 0.23 mm/ ply fiber thickness) with a nominal strength of 2.503
kN / mm, see Table 2. The connection-details of C-IEPM 1 TG (¢ = 2.5 hr) include
mechanical connections at one end to allow for expansion and to provide a positive moment
for exterior-span girders that are subject to large surge and wave-impact forces; in this
design, both girder-ends are strengthened using C-IEPM. Fig. 4a illustrates the fiber lay-
up for C-IEPM 1 TG, which uses a uni-directional fiber (BASF, The Chemical
Company®, 600 g / m?, 3.79 GPa tensile strength, 0.33 mm/ply fiber thickness) with

nominal fiber-strength of 2.17 kN / mm along the girder/ cap-beam edge, see Table 2.

Table 2

Design details and cyclic load-response features of the tested specimens

Specimen Connection-Detail Fiber (Thickness), Load Maximum Cycle No.
Name Strength / Fiber-Width ~ Type Load (kN) at Failure
Pre-Katrina TG Inserts both ends — 60.0 1
Post-Katrina TG~ Thru-bolts both ends — 88.2 1
C-IEPM 0 TG C-IEPM both ends ACP PW (0.57 mm), 54.9 1
2.17 kN/mm (along Periodic
girder/cap edge) dynamic,
C-IEPM 1 TG  Left: C-IEPMand  FIB 600/50 CFS (0.66 ~ Fig5@ 1454 1
mech. connections mm), 2.503 kN/mm
Right: C-IEPM (along girder/cap edge)
CF/ETG CF/E Wrap and FIB 600/50 CFS (0.66 160 10
mech. connections mm), 2.503 kN/mm
both ends (along girder/cap edge)
C-IEPM 2 TG C-IEPM and mech.  FIB 600/50 CFS (0.66 160 12
connections both mm), 2.503 kN/mm
ends (along girder/cap edge)

Experimental Results and Discussion
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Dynamic response of the test girders (TG)

Using the target load function in Fig. 5d, the force-displacement curves of six 4.57
m long lab-scale test girders, see the lab setup in Figs. 5a and Sc, were recorded using the
load cell attached to the actuator and six LVDTs. Load-displacement relationships at mid-
span of Pre-Katrina TG, Post-Katrina TG, and C-IEPM_0 TG (z. = 2.5 hr) indicate that the
connection-details experienced significant failure in less than 1.5 sec of the first loading
cycle, or about one-fourth of the 5-second loading cycle, see Fig. 5d.

After experiencing some plateauing for slightly longer than 0.5 seconds, see Fig. 6,
the three systems failed after about 2 seconds of loading, or less than one-half of a loading
cycle, sustaining a failure load of about 28.6 kN. The failure mechanism in each case was
the shear failure of the concrete. However, connection-details of C-IEPM 1 TG (z. = 2.5
hr) performed better. Failure of the girder-end sans mechanical connections occurred at
significantly larger force (119.4 kN) at 2.02 sec and was followed by the initial failure of
the mechanically connected girder-end between 2.33 sec and 2.37 sec. The onset of
plateauing then occurred at 2.50 sec, according to Fig. Sd. A sustained force of 142.4 kN
was supported for approximately 0.67 seconds until the mechanically connected girder-end
completed its failure in shear after about one-half loading cycle. After the sudden decrease
in force, the sustained force of 33.3 kN was found to be slightly larger than that of Pre-
Katrina TG, Post-Katrina TG, and C-IEPM_0 TG (28.6 kN) and also included slightly
larger ductility. Interestingly, the increase in maximum force in C-IEPM 1 TG (142.4 kN),
ranging from 68% to 146% larger than the maximum force in Pre-Katrina TG, Post-Katrina
TG, and C-IEPM_0 TG, emphasizes an important point: Although the strengths of the

carbon-fiber in C-IEPM_0 TG and C-IEPM 1 TG are similarly weak in shear [16], if the
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connection-details of girders can include, as a minimum, weak-in-shear mechanical
connections, e.g., Pre-Katrina TG and C-IEPM 1 TG, then supplementing the connection-
details with IEPM can (1) engage the underlying concrete to the fiber, and (2) sufficiently
distribute the wave load to the fiber and also transfer load energy via its material damping
mechanism (thus reducing stress concentrations to the fiber). This effectually enhances
shear resistance of C-IEPM and reduces the propensity of fiber delamination, thus
markedly improving structural performance (compare C-IEPM 1 TG to C-IEPM_0 TG in
Fig. 6). This is evidenced in C-IEPM 1 whose initial failure force in the non-mechanically
anchored girder-end is 119.4 kN, or 97% to 115% larger than the maximum force in Pre-
Katrina TG, Post-Katrina TG, and C-IEPM_0 TG, see Table 2. This leads to an important
finding, that in a dynamic and high-shear demand environment, C-IEPM is most effective
when an additional system — even weak mechanical connections — helps to facilitate rapid
engagement between C-IEPM and the underlying substrate (in this case, concrete).

A comparison between C-IEPM_2 TG (¢.=1.5 hr) and CF/E TG in Fig. 6 revealed
that although CF/E-strengthened connection-details (and mechanical connections at both
girder-ends) help the girder to achieve a target load of 160.1 kN, the girder is unable to
survive one loading cycle without experiencing substantial damage. The initial failure of
CF/E TG occurred after the load had plateaued for about the same amount of time (0.65
sec) as C-IEPM_1 TG did, once the mechanically connected-end of the former girder failed
(after 0.67 sec elapsed time). After approximately 3 sec of plateauing, the strength of CF/E
TG sharply decreased, unable to recover its target load of 160.1 kN before the wave load
retracted. Although damage to CF/E TG was less than in C-IEPM_1 TG, both systems

slightly did recover after their sudden decrease in strength. In subsequent loading cycles,
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the aggrandized amount of carbon-fiber used to design CF/E TG provided “reserve”
strength. Along with new principal materials axes, the girder was able to “recover” a
portion of the inelastic deflection incurred after each cycle.

C-IEPM-2 TG (¢ = 1.5 hr) clearly survived load cycle 1, quickly surpassing the
performance of CF/E TG. Because of the shorter curing time that was used (z. = 1.5 hr),
IEPM was able to transfer sufficient energy via requisite material damping that helped the
C-IEPM-strengthened connection-detail to engage with the concrete substrate, thus
highlighting the importance of #. (in C-IEPM_2 TG versus C-IEPM_1 TG). As a result, C-
IEPM 2 TG survived a total of 12 loading cycles, and its hystereses stabilized after three
loading cycles. However, the hystereses curves (and structural damage) of CF/E TG failed
to stabilize due to the brittle nature of CF/E after the girder had efficaciously failed during

cycle No. 1, see Fig. 6.
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Fig. 6. Force (mid-span) time-history of cycle 1 for the six test girders (TG)

Comparison between Pre-Katrina TG and Post-Katrina TG

Force time-history. Fig. 7 depicts a rapid failure for Pre-Katrina TG, with one connection-
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detail failing after 1.47 sec (54.4 kN), then with some “plateauing” marked by a decrease
in force to 33.6 kN. This was followed by system hardening, or load increase after damage
(recovery), as the threaded inserts remained partially embedded in the concrete. The right
girder-end completely disengaged from its cap-beam when the second connection-detail
failed 56 seconds later at 2.03 sec and 60.0 kN. The failure mode for each connection was
a sudden shear failure of the concrete surrounding the threaded inserts / screwed bolts, see
Figs. 8a and 8b. The findings are consistent with damage modes observed in-the-field
following Hurricane Katrina [10]. The Post-Katrina TG, designed following the
connection-details in Fig. 3b, also experienced sudden shear failure of concrete
surrounding the anchor bolts as a primary mode of failure, where one girder-end failed at
a slightly larger initial force (59.0 kN versus 54.4 kN) at 1.45 sec, leading to only a slight
decrease in force (53.82 kN), likely due to the ductility of the embedded threaded through-
bolts, see Fig. 8c. The use of through-bolts engaged a larger concrete region, generating a
52% increase in maximum force in Post-Katrina TG (88.2 kN) relative to Pre-Katrina TG

(60.0 kips), see Table 2, but at a similar time of loading (2.01 sec versus 2.03 sec).
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Fig. 8. Shear failure modes of (a) and (b) Pre-Katrina TG; and (c) and (d) Post Katrina
TG where ductile behavior of through-bolts allow maximum force of 88.2 kN to be
recovered until concrete fails in shear
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Force-deflection and energy dissipation. Post-Katrina TG and Pre-Katrina TG failed within
the first half-cycle of loading, well below the maximum target force of 160.1 kN, and at
similar ultimate mid-span deflection (59 mm and 62 mm, respectively). Additionally, the
force-deflection relationship for Post-Katrina TG reveals a substantial difference in energy
dissipation (area under the curve), and although yield strength had marginally increased
(59.0 kN versus 54.4 kN), yield deflection increased from 12.8 mm to 20.1 mm, see Figs.
7 and 9, likely because of the extra slip perpetrated via the through-bolts. However, the
maximum (peak) force of 88.2 kN is 45% less than the target peak strength (160.1 kN).
However, with similar ultimate deflections, displacement ductility (su) for Post-Katrina
TG, which is the ratio of ultimate deflection to yield deflection in Figs. 7 and 9, is 33%
lower (1, post = 3.08 versus uapr = 4.61). However, system strain hardening provided by
the through-bolts increased energy dissipation by over 70% in Post-Katrina TG,
substantially improving damage tolerance. Therefore, while the Post-Katrina TG
connection-detail is an improvement over the conventional Pre-Katrina TG detail, it does
not improve the existing limit state (catastrophic failure) of typical bridge spans in harsh

storm environments.
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Fig. 9. Comparison of force-displacement behavior of Pre-Katrina TG, as-is) and test
girder 2 (post-Katrina)

C-IEPM-strengthened connection-details with and without mechanical anchors

C-IEPM- or CF/E- strengthened connection-details are comprised of mechanical
connectors, concrete, and either C-IEPM or CF/E, see Fig. 11a, leading to a combined
stress mode that ultimately leads to a shear failure mode. Failure of C-IEPM 1 TG begins
at 2.02 sec at 119.4 kN (non-mechanically-connected girder-end), and failure of C-IEPM_0
begins at 1.29 sec at 44.4 kN. After incurring initial failure, the resistant force in each girder
was able to increase due to system hardening, see Fig. 10, which was also evinced in Post-
Katrina TG and Pre-Katrina TG, see Fig. 7 (although the substantial strength-decrease in
Pre-Katrina TG delimited the subsequent increase in load). The load-increase helped C-
IEPM 1 TG to nearly reach the targeted peak plateau load (160.1 kN, Fig. 10) at 2.50 sec
(Fig. 5d), whereas C-IEPM_0 TG could not. This is significant because without the
presence of even a weak Pre-Katrina-designed mechanical anchor, C-IEPM_0 TG behaved

comparably to Pre-Katrina TG or Post-Katrina TG, where the concrete substrate could only
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minimally engage with the strengthening mechanism, where, in the case of C-IEPM_0 TG,
transfer of load energy (via IEPM material damping) and load distribution to the fiber were
limited. At 1.61 sec, failure in C-IEPM_0 TG also initiated in the second girder-end, and a
load of 54.9 kN was sustained until complete shear failure occurred at 1.95 sec, see Figs.
11a and 11b. Conversely, C-IEPM 1 TG resisted a significantly larger initial connection
failure force (119.4 kN versus 44.4 kN) relative to C-IEPM_0 TG, despite having one non-
mechanically connected girder-end and one Pre-Katrina mechanically connected end
(initial failure at 54.4 kN), where even a weak anchorage-system bided time for the
underlying concrete to engage with C-IEPM. As a result, material damping in IEPM helps
to transfer enough of the load-energy at both girder-ends, resulting in a significantly larger
initial failure force (119.4 kN). When the non-mechanically connected girder-end finally
failed at 2.02 sec, the wave load was immediately and solely resisted by the mechanically
connected girder-end (see the vertical relationship in Fig. 10), which subsequently failed
(initially) between 2.33 sec and 2.37 sec. A maximum force of 142.4 kN was then sustained
until final failure occurred at 2.68 sec (compared to 54.9 kN in C-IEPM_0 TG). The C-
IEPM 1 TG experiment was stopped prematurely due to excessive physical rotation about
the mechanically connected girder-end, see Figs. 10 and 11d. Except for some concrete
cracking that was observed around the thread bolts, no surface damage was observed
around the mechanically connected end, see Fig. 11c. CF/E-strengthened connection-
details are comprised of mechanical connectors, concrete, and C-IEPM, see Fig. 1le,
leading to a combined stress mode. The maximum force in C-IEPM 1 TG was
conservatively calculated as 268.9% larger (at the non-mechanical girder-end) and 259.4%

larger than the maximum resistance in C-IEPM_0 TG, clearly highlighting the ability of
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C-IEPM to transfer energy after engaging with the underlying concrete. As a measure of
greater perspective, initial and final connection failure forces in C-IEPM 1 TG (119.4 kN
and 142.4 kN) are over 120% greater than forces in a ‘hypothetically combined’ Pre-
Katrina TG (54.4 kN and 60.0 kN) and C-IEPM-0_TG (44.4 kN and 54.9 kN) system.
Additionally, the experimental test for C-IEPM 1 TG was stopped at a force (142.4 kN)
that was still 54.2 kN larger than the maximum force in Post-Katrina TG (88.2 kN),
signifying that although C-IEPM can overcome shear strength limitations of conventional
CF/ E [40], it appears that large shear forces induced by hurricane wave loads require a

combination of C-IEPM and a common mechanical connection, e.g., steel anchors and clip

angle.
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Fig. 10. Actuator force-time history of C-IEPM 0 and C-IEPM_1. C-IEPM 1 TG
experienced minimal damage to the connected-end when the wave-load experiment was
stopped at 2.38 sec due to shear damage and girder rotation at the non-mechanically
connected-end. In C-IEPM 0, the girder failed initially at 1.29 sec; the second non-
mechanically girder-end experienced initial failure at 1.61 sec, with a sustained load of
about 54.9 kN for 34 seconds until complete disengagement of the girder from its cap-
beam
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Fig. 11. (a) Depiction of connection-detail strengthening system, comprised of either C-
IEPM or CF/E composite and mechanical connectors joining the concrete girder and cap-
beam; (b and c¢) Shear failure observed in C-IEPM (C-IEPM_0 TG); (d) concrete shear
failure at non-mechanically connected left girder-end (cap-beam) of C-IEPM 1 TG; (e) C-
IEPM shear failure at non-mechanically connected girder-end in C-IEPM_1 TG
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Comparison of C-IEPM 2 and CF/E as retrofitting or strengthening materials

The girder designs for CF/E TG and C-IEPM 2 TG include “pre-Katrina” type
mechanical connections at both girder-ends. A high-speed camera is used to capture
progressive damage states of the left-end connection-detail of each test girder, see Fig. 12,
depicting force-time test results after the 1%, 2™, 3™ and 10" cycles. Rotations (8°) of
girder cross-sections were calculated at the left girder-end, middle of the girder, and right
girder-end; the results are summarized in Table 3. During cycle No. 1, after reaching its
peak force (160.1 kN), excessive damage to CF/E TG precluded recovery of the peak force,

which is indicated by the “flat” force-time plot just prior to unloading, Fig. 12a.

Table 3

Rotation angle of CF/ E and C-IEPM at the peak of each cycle

Cycle Rotation Angle (6°), CF/ E TG Rotation Angle (6°), C-IEPM_2 TG
No.  Leftend (0L) Middle (Om) AD Leftend (Or)  Middle (Om) AD
1 5.26 5.34 0.08 1.06 1.26 0.20
2 7.35 7.40 0.05 9.07 9.57 0.51
3 10.07 9.98 -0.09 11.74 12.28 0.54
4 11.06 11.19 0.13 13.13 12.62 0.52
5 12.22 12.25 0.03 12.89 12.89 0.51
6 13.37 13.39 0.02 13.09 13.63 0.54
7 13.99 14.01 0.03 13.30 13.86 0.57
8 15.87 15.87 0.00 13.48 14.08 0.59
9 17.72 17.72 0.00 13.67 14.29 0.62
10 A0 o, 13.85 14.50 0.65
11 \E‘ oL o 14.08 14.76 0.68
Midg
=

12 14.56 15.27 0.71

This conclusion is supported by the large rotation experienced by the left girder-
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end (6L = 5.26°) and middle girder cross-section (Om = 5.34°) of CF/E TG, which lacked a
cogent mechanism for transferring the input energy (dissipating it away). In contrast,
rotations experienced by C_ IEPM_2 TG were only 01 = 1.06° and Om = 1.26° during cycle
No. 1, and although cross-section rotations in cycle No. 2 were substantially larger,
exceeding 9° see Table 3, input wave energy was absorbed through the bending modes of
the IEPM chemical bonds. This efficaciously minimized girder damage, thus stabilizing it
and relegating it locally; consequently, C-IEPM_2 TG was able to recover and harden (see

the load increase following damage, i.e., “positive” tending force-time plot in Fig. 12b).
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Fig. 12. Force time-histories of C-IEPM_2 TG at four loading cycle
In cycle No. 3, 6. and Om for CF/E TG and C-IEPM_2 TG increased by over 35%

and 30%, respectively, relative to cycle No. 2. Due to the material damping in C-IEPM_2
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TG, the transient component of the response hystereses started to stabilize as the response
approached steady-state form. As a result, the per-cycle increase in 6 diminished
substantially (~1%). This was not evident in the CF/E TG response as 0 continued to
increase between 5% and 15% in subsequent load cycles until the girder finally disengaged
from its cap-beam in cycle No. 10, resulting in catastrophic failure.

Table 3 also shows that the angle of twist, AO (AO = rotation of middle cross-section
relative to girder-end rotation, see the inset in Table 3), per cycle is fairly constant for C-
IEPM_2 TG and CF/E TG. Two observations are made: (1) AO is very small (A0 = 0) for
CF/E TG, indicating shear failure of the connection-details during cycle No.l and near-
zero rotational, or torque (X AB), resistance during the 10 cycles (the girder essentially
rotates as a rigid body); (2) A0 for C-IEPM_2 TG is significant, indicating (i) rotational
resistance; (i1) local damage, e.g., cracking of the connection-details, see Figs. 13¢ and
13d; and (iii)) minimal service limit state; (3) 0L in CF/E TG consistently increases,
indicating that damage to the connection-details steadily accumulates until the girder
disengages from its cap-beams during cycle No. 10, see Figs. 12d, 13a, and 13b; and (4)

0L in C-IEPM_2 TG stabilizes, thus minimally changing from cycle-to-cycle.
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Fig. 13. (a) and (b) Damage observed in CF/E TG, showing that the connection-details fail
at multiple locations, exhibiting fiber breakage, CF/ E delamination, concrete shear failure
(at the locations of threaded inserts in the girder), and yielding of threaded anchor bolts (in
the inserts); and (c) and (d): Local damage in C-IEPM_2 TG after 12 load cycles, seen only
on one girder-end

Nature of the energy dissipation through C-IEPM and CF/E. When the second load cycle
unloads after ~12 sec, the mid-span deflection of C-IEPM_2 TG is 10.2 mm greater than
the deflection of CF/E TG (53.3 mm), see Figs. 14a - ¢. The upward trending hystereses of
C-IEPM_2 TG is visible during cycle No. 2, with a relative deflection of ~ 45 mm (unload
point to unload point between load cycle No. 1 and load cycle No. 2); the upward trend
continues in cycle No. 3. In contrast, the hystereses curve for CF/E TG in cycle No. 1 does
not recover its peak force, indicating excessive damage to the girder which is consistent
with the results in Table 3. However, the large amount of fiber and reserve material strength
in CF/E TG facilitates the redistribution of load that takes place after cycle No. 1 and a

change in principal materials axes, effectually helping the peak hysteresis force to achieve

the peak force of 160.1 kN during load cycle No. 2.
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Fig. 14¢ compares maximum mid-span deflections per cycle for CF/E TG and C-
IEPM_2 TG. Although the connection-details of Pre-Katrina TG and Post-Katrina TG had
failed catastrophically at mid-span deflections of 62 mm and 59 mm, the ultimate mid-span
deflections in CF/E TG and C-IEPM_2 TG (which did not fail) were 102 mm and 88 mm.
C-IEPM advents ductility and energy transferability (energy absorption/dissipation) in C-
IEPM 2 TG, stymying the bridging of local damage and thus facilitating deflection
recovery and hystereses stabilization so that peak-to-peak deflections only minimally
changed, thus averting major global damage. However, while C-IEPM appears to be a
viable retrofit or strengthening option, the presence of simple mechanical connections and
use of smaller #. can enhance the ability of C-IEPM to engage with the underlying concrete
substrate: compare C-IEPM_2 TG (¢ = 1.5 hr) in Fig. 13a to C-IEPM _1 (¢.= 2.5 hr) and
C-IEPM_O (¢. = 2.5 hr) in Fig. 10. Fig. 14c¢ also shows that the change in mid-span
deflection per cycle in C-IEPM_2 TG quickly approaches zero, approaching a cumulative
maximum after cycle No. 3; mid-span velocity also diminishes quickly after cycle No. 3
because of the material damping infused via C-IEPM. Without substantial material
damping, the mid-span deflection per cycle in CF/E TG consistently increases, surpassing
C-IEPM_2 TG after the first two cycles. As a result, the velocity in CF/E TG remains nearly
constant at 1.25 mm/ sec, until the girder completely disengages from its cap-beams after
three load cycles, the accumulated hysteresis energy (areas under the hysteresis curves) of

C-IEPM_2 TG and CF/E TG are similar, 8,176 joules (J) and 8,248 J, respectively.
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Fig. 14. (a, b) Hystereses of C-IEPM_2 TG and CF/E TG, where material damping in [IEPM
helps to stabilize the response in C-IEPM_2 TG after 3 or 4 cycles, thus preserving girder
integrity and minimizing the service limit state (to local damage / cracking); (c) a
comparison of peak mid-span girder deflections, per cycle, showing that C-IEPM 2 TG
quickly stabilizes (constant) while CF/E TG deflections, without a substantial damping
mechanism, consistently increase until sudden disengagement; and (d) Displacement
recovered per cycle (%), calculated at end of cycle relative to gross cycle displacement
Table 4 summarizes the accumulated energy (J) after each cycle. In C-IEPM 2 TG,
the transfer (“dissipation”) of incoming wave energy occurs through bond-motion modes,
such as bending, twisting, or stretching modes [41,42], eliciting molecular vibrational
properties that attribute to bulk properties, such as material damping and fracture
toughness, that help to stabilize damage (including the large amount of energy after cycle

No. 2) and control the calculated area (dissipated energy) under the hystereses of C-

[EPM_2 TG, thus resulting only in local cracking of the concrete and C-IEPM at the
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connection-detail. By enhancing damage tolerance in C-IEPM 2 TG via IEPM,
microscopically weak individual structures (individual cracks) can be integrated into a
macroscopically strong solid, thus minimizing harm to the overall girder. In other words,
the chaining of damage events that could lead to failure of the composite system is
inhibited. Instead, global failure of the connection-detail (and girder) may finally occur
after a significant number of individual “stabilized damage events” eventually inter-
connect, thus utilizing the full structural redundancy (force resistance) of the system until,
for example, concrete shear failure, pull-out failure, or steel (anchor) tensile failure occurs

[27].

Table 4

Accumulated energy after the ith cycle (summed area under each hysteresis curve) for CF/E
TG and C-IEPM _2 TG

Cycle No. i 1 2 3 4 5 6 7 8 9 10
TG
CF/E (J) 3296 5521 8248 10629 12691 14810 16652 19370 21562 31266
C-IEPM_2 (J) 1036 5757 8176 10173 11800 13361 14860 16270 17705 19135

Physically, C-IEPM_2 TG inherits strength sustainability and resiliency, where its
response (displacement and rotation) quickly stabilizes. Conversely, due to a lack of
inherent material damping and fracture toughness in CF/E TG, its hystereses curves remain
transient (i.e., failing to reach a steady-state), thus hindering stability of the girder response.
As a result, damage accumulates until the girder eventually fails catastrophically. By

introducing a substantial amount of material damping via IEPM into the girder, the
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transient component of the dynamic response is quickly eliminated, i.e., incoming wave
energy per cycle is transferred (“dissipated”), and the steady-steady component that
remains confirms that damage propagation is blunted and remains local.

The steady-state nature of the hystereses of C-IEPM 2 TG indicates that C-IEPM
remains engaged with the concrete during loading, helping to transfer wave energy away
from the weak mechanical connections, thus localizing damage. Although after three cycles
the accumulated energies in C-IEPM_2 TG and CF/E TG are similar, after 10 cycles, the
total energy in C-IEPM_2 TG tallies 40% less (19,135 J versus 31,266 J). This emphasizes
a critical point, that although comparative areas under the hystereses curves are initially
similar, the energy transfer mechanisms — bond-motion modes (IEPM) compared to brittle
epoxy matrix cracking or fiber-breakage — are different. Therefore, physically, girder
damage is manifested differently through failure modes according to each system’s
properties. In the case of C-IEPM, a log-decrement analysis determined a damping ratio
(&) of 4.87%, whereas & = 1.18% for CF/E [40], which greatly influences each girder’s
serviceable limit state and overall health.

Fig. 14d shows the recoverable percent deflection per cycle, defined in Equation
(1) as

Sir

Ap = 2 x 100 (1)

where Ar (as a per-cent) is the ratio of ¢, (amount of recovered deflection at the end of
hysteresis cycle No. i (signified by zero force) just prior to loading of cycle No. i+1/) to o;
(total deflection during hysteresis cycle No. i, measured from initial loading of hysteresis

cycle i at zero force until load completely unloads at zero force). The deflection recovery

is proportional to the “backstress.” For C-IEPM_2 TG’s hysteresis cycle No. 1, 33% (4r)
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of the cycle’s total deflection (&) is recovered, at which point, hysteresis cycle No. 2 begins.
Starting with cycle No. 3 or cycle No. 4, 4z increases considerably as the hystereses tend
towards steady-state. Further, the accumulated energy that is dissipated per cycle is
comparatively smaller than that in CF/E TG. The transient hystereses in CF/E TG in
conjunction with the sporadic values of Az (62, 52, 99, 47, 264, 78, 139) — albeit large
values starting with cycle No. 5 — indicated that damage quickly accumulated, where the
proximate start of each hysteresis curve, see Fig. 14b, reaches a comparatively larger
(transient) peak-to-peak deflection. However, in C-IEPM 2 TG, damage was minimal,
where start deflections are proximate (large Agr) after cycle No. 4 and also reach

comparatively similar (steady-state) peak-to-peak deflections, see Fig. 14a.

Energy recovery via material strength reserve, material damping, and load distribution.
Fig. 15a uses the hystereses of consecutive cycles (after the girder-system yields), defined
as cycle No. i and subsequent cycle (No. i+7), to illustrate how energy recovery can
influence the behavior of each girder during hurricane wave loading. Due to the load
distribution, material damping, and re-orientation of new principal materials axes that
occurs after cycle No. i, a portion of the hysteresis energy may be recovered (see the ‘dark
green’ region in Fig. 15b), netting an actual amount of “transferred,” or dissipated, energy,
manifested as girder damage during cycle No. i (see the ‘pink’ region in Fig. 15b). The
recovered energy — and recovered displacement (Fig. 14d) — are essentially “put back into
the structure” as it begins cycle (No. i+7), thus helping the girder response to stabilize.
Examination of Fig. 12a and a comparison of Figs. 14a and 14b reveal that material

damping, through a well-designed IEPM, can differentiate between girder failure (CF/E
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TG) and minimal damage / girder cracking (C-IEPM_2 TG) using equal quantities of fiber

and for the same fiber orientation.
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Fig. 15. (a) Illustration of energy dissipated per cycle, i and i+1; and (b) Distinction of
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The elastic stiffness of C-IEPM_2 TG was calculated as 6.17 MN/m (which is
similar to 6.27 MN/m for C-IEPM 0 TG and C-IEPM 1 TG); for CF/E TG, it was 7.13
MN/m. However, the difference in performance for the test girders is attributed to the
material damping provided by C-IEPM_2 (z. = 1.5 hr), which is greater than the damping
contribution by C-IEPM (#. = 2.5 hr) [25], resulting in a more rapid reduction of peak-to-
peak displacement (per cycle). Furthermore, the average increase in deflection per cycle
for CF/E TG was calculated as 7.493 mm, whereas C-IEPM_2 TG, it was 0.914 mm per
cycle, or 87.8% smaller. Fig. 16 examines the energy dissipation (J) per hysteresis cycle.
This area, illustrated in Fig. 15a, is consistently larger for CF/E TG, see the red and black
dotted lines. Due to insufficient material damping, CF/E TG experienced excessive damage
during cycle No. 1 and failed, where the peak load could not be re-achieved and therefore
receding catastrophic girder failure. A comparison of red and black solid lines in Fig. 16
gives a richer perspective of the accumulating girder damage, where actual damage per
cycle (in accordance with the energy recovered) was significantly less in C-IEPM 2 TG.
Furthermore, Fig. 16 indicates that in C-IEPM_2 TG, the amount of recovered energy per
cycle tends towards 100%, whereas a lack of essential material damping in CF/E TG
delimited the amount of recovered energy. This is manifested by the transient nature of the
hystereses, which, by failing to stabilize (Fig. 14b), adumbrates complete detachment of

the girder from its cap-beam supports.

Discussion of Fracture Energy in C-IEPM and CF/E

Pre-Katrina and Post-Katrina connection-details were insufficient against estimated

maximum Hurricane Katrina wave-induced forces (scaled), Fig. 5. The dominant failure
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mode of each test girder was shear failure of the brittle concrete surrounding the yielded
short bolts / threaded inserts (Pre-Katrina) and horizontal through-bolts (Post-Katrina). As
a remedy, high-strength carbon-fiber in CF/E or C-IEPM was used to enhance each girder’s
shear resistance (see Fig. 11a) through its connection-details, starting with an arrangement
of aligned fibers (see Fig. 4). Although carbon-fiber is weak in shear, an aggrandized
amount of fiber through various orientations and in conjunction with “as-is”” Pre-Katrina-
designed mechanical anchors can help resist large shear forces. El Maaddawy and Sherif
[43] used multiple orientations of carbon-fiber to wrap the connection-details of notched
deep concrete beams (at girder-ends) under four-point bending, increasing shear strength
by 72%. However, in the current hurricane study, dynamic multi-axial loading necessitated
a substantial amount of fiber to design the connection-details of CF/E TG, yet nonetheless
resulting in substantial fiber fracture and overall girder damage and failure after one

loading cycle.
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Fig. 17. Compact Tensile (CT) test load-displacement curves of coupon-scaled
structures (a) CF/ E and (b) C-IEPM
A series of Compact Tension (CT) tests were performed in order to analyze the

52



fracture toughness provided by C-IEPM and CF/E. Two CF/E and two C-IEPM coupon-
scale specimens (25 cm % 2.5 cm) were tested according to ASTM E1820 standards [44].
Each specimen was manufactured using 2 layers of thin (0.15 mm) plain-weave (bi-
directional) carbon fiber. Load-deflection relationships are shown in Fig. 17. The results
of the linear elastic fracture mechanics analysis are consistent with the test girder results
presented earlier, which validate that C-IEPM (z. = 1.5 hr) provides resilience and energy
dissipation that CF/E alone cannot. By alleviating fiber delamination, thus sustaining high-
fiber strength at large ductility via material damping, the amount of necessary carbon fiber
may be reduced. Test results of CF/E coupons show rapid decrease in strength after

yielding.

Table 5

Fracture energy calculated from coupon-scale fracture tests

Material CF/E C-IEPM
Specimen No. 1 2 1 2
Maximum load (Pmax, N) 93.9 117.2 226.34 196.9
Fracture energy (Gy, J) 783.94 1,209.21 1,386.059 1,623.40
Average (Pmax/ Gr) 107.63 N/ 1,020.77 ] 218.49 N /1,562.096 1

In Fig. 17, Puax in C-IEPM coupons is 250% greater than in CF/E coupons. Table
5 shows the calculated fracture energies for the four coupons, revealing that at the cusp of
crack growth, C-IEPM significantly enhanced resistance to crack propagation by eliciting
significantly more fracture energy than CF/ E, where the average fracture energy in C-
IEPM was 50% greater than that in CF/E.

Similarity principles, the linear nature of CF/E, and the shear failure modes that
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were observed experimentally, in-the-field, and that are consistent with the American
Concrete Institute (ACI) 318-08 Standard [45] in both “Pre-Katrina” and “Post-Katrina”
test girders indicate that conclusions from this study are applicable (“scalable”) at the field-
scale. Although the non-linear nature of energy transferability (energy absorption /
dissipation and fracture energy) that is driven by the design of IEPM may at first ostensibly
preclude scalability of C-IEPM when limiting the damage state in coastal bridges, e.g., to
cracking, the chemical reactivity between (-NCO) moieties and curing epoxy at small ¢,
which engender a quality IEPM to enhance material damping in conventional CF/E, is not

scale-dependent. Therefore, the findings from this study are applicable to the field-scale.

Conclusions

An experimental testing program was developed to analyze six connection-detail
design schemes in coastal bridges, ascertaining their structural integrity and plausibility to
reduce each girder’s serviceability limit state to local cracking during major hurricane
events. The test-bed for each test girder included a periodic wave-force function, consisting
of simultaneous surge (vertical / hydrostatic) and wave (lateral and vertical /
hydrodynamic) forces in accordance with the existing I-10 bay-way AASHTO bridges in
Mobile, Alabama. The six single-span Test Girders (TG, /4 scale) were designed using the
following connection-details: (1) ‘Pre-Katrina,” or ‘as-is’ mechanical connections prior to
the 2005 Hurricane Katrina event; (2) ‘Post-Katrina,” which utilized through-bolt threaded
anchors for the concrete girders; (3) conventional carbon-fiber reinforced epoxy (CF/E)-
wrapped connection-details that included pre-Katrina-designed mechanical connections;

and (4) — (6) Carbon-fiber Interfacial Epoxy-Polyurea Matrix (C-IEPM) at different 7. (2.5
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hr and 1.5 hr) was applied to zero, one, or two girder-ends eliciting different essential
boundary conditions, with or without existing pre-Katrina-designed mechanical
connections.

IEPM was annexed to curing CF/E via chemical bonding between curing epoxy
and polyurea moieties, producing a new interfacial C-IEPM composite (between the epoxy
and polyurea components). A calculated Hurricane Katrina wave function was dynamically
applied to the six test girders. Pre-Katrina TG, Post-Katrina TG, and C-IEPM 0 TG
connection-details failed after approximately one-half of the load cycle duration; within
0.5 sec after the initial shear failure of the connection-details, the girders severed from their
respective cap-beams. Although C-IEPM 1 TG exhibited about 2.5 to 3 times greater
strength than Pre-Katrina TG, Post-Katrina TG, and C-IEPM_0 TG, C-IEPM_1 TG also
failed in less than one full load cycle.

Although the connection-details in C-IEPM 2 TG and CF/E TG were able to
achieve the maximum wave load (160.1 kN), CF/ E TG was deemed to have effectively
failed during cycle No. 1 as it was unable to recover, or re-achieve, the maximum force
during the load plateauing stage and after experiencing excessive damage to its connection-
details, including fiber breakage. However, because of an aggrandized quantity of fiber and
re-orientation of materials axes, the reserve strength and deflection recovery helped the
girder to recover a portion of the energy during subsequent loading cycles until
catastrophically detaching from its cap-beam supports. Conversely, C-IEPM, formulated
on a reaction between epoxy and polyurea moieties to engender a high-quality IEPM,
infused significant material damping via damping ratio of 4.87% (versus 1.18% for CF/E)

to the connection-details, therefore limiting the damage state of the girder to local cracking
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after 12 wave-load cycles. The final conclusions of the study are summarized as follows:
. CF/E TG was unable to dissipate sufficient energy per loading cycle,
experiencing significant girder rotation and fiber delamination. As the damage
accumulated, the force-deflection hystereses remained transient until the girder
catastrophically failed
. C-IEPM 2 TG provided sufficient energy dissipation and fracture
toughness (fracture energy), thus localizing damage to the fiber, matrix, and
concrete in the connection-details. The anelastic behavior and hyperelastic
response of the girder help to stabilize its hystereses after load cycle No. 3 or load
cycle No. 4, characterizing its survival. After 12 load cycles, C-IEPM 2 TG
experienced only localized damage.
C-IEPM appears to be a viable option for minimizing bridge-damage under extreme
coastal hurricane forces. Requiring a minimal quantity of carbon-fiber, C-IEPM minimizes
the serviceability limit state of bridge girders to local cracking, thereby drastically

extending the life-span of vulnerable coastal bridges.
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Abstract

A new fiber (x) reinforced Dynamic Covalent epoxy-polyurea Interface (x-DCgpl)
shows good mechanical energy transferability of impact and vibration forces. The bonding
property of x-DCkpl interface, engendered between curing, or reactive, epoxy and dynamic
polyurea, is controlled by epoxy curing time (). The reaction of curing epoxy, where ¢. is
a thermodynamic processing parameter, and fast-curing/ dynamic aliphatic polyurea,
which lacks polyol in its resin chain extender, is linked to bulk mechanical energy transfer,
quantified specifically via the loss modulus of x-DCgpl. The parameter 7. effectuates
designable chemical bond properties within x-DCgpl. Using Generalized Maxwell models,
viscoelastic properties of epoxy, polyurea, and x-DCgpl are predicted, and results are
verified using Dynamic Mechanical Analysis (DMA). The Maxwell models for x-DCepl,
as a function of 7., are used in a finite element analysis (ABAQUS) to control performance

of dynamically loaded structures.

Keywords: Polyurea, Epoxy, Viscoelasticity, DMA, Complex Moduli, Loss Modulus,

Generalized Maxwell Model

63



Introduction

Mechanical energy transferability in composite structural dynamics is a well-
accepted design parameter that has been richly investigated [1, 2]; yet, the topic, which
affects a multitude of applications, deserves far greater attention [3-5], inasmuch as the
formulation of composite energy transfer via interfacial constituent manipulation of
chemically covalent bonds had remained unexplored [6].

Polyurea is an elastomeric, cost-effective, easy-to-apply spray-coating technology
that is an attractive damage mitigation option for many civilian and military infrastructures,
improving structural survivability in certain low-energy ballistics and blast environments
[7]. Tekalur, et al. [8] performed experiments to test blast-resistance of polyurea-coated
composite panels, showing that sufficient polyurea layering on the impact side can
considerably increase blast resistance and also low-energy ballistics-resistance when
combined with other damage-mitigation systems.

Polyurea-focused mitigation traditionally utilizes steel and composite substrates,
eliciting an increase in energy transferability as a function of polyurea thickness. Studies
[7-9] on blast-mitigation have also found that polyurea-coated composites enhance energy
transfer as a function of polyurea thickness. However, because polyurea is only an
elastomer, coated panels are unable to sufficiently localize energy from large-charge
energy releases, thus detrimentally transferring energy to panel supports.

Energy transferability in conventional fiber-reinforced polymers (FRP) is usually
controlled by fiber orientation, matrix hysteresis, and fiber-matrix interface hysteresis.
Most thermosetting polymers, such as epoxies, fracture at relatively low strains. Damage

in the epoxy or fiber-matrix interface quickly bridges to induce macroscopic material
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failure. To enhance damage tolerance, damage barriers are effectuated in a new fiber (x)
reinforced Dynamic Covalent epoxy-polyurea Interface (x-DCepl) in order to isolate
micro-scale damage events and render individual cracks harmless [3,4].

To localize damage in x-DCepl (FRP), such as fiber-matrix debonding and fiber-
breakage, a newly uncovered Dynamic Covalent epoxy/polyurea Interface (DCI)
intermittently adjoins FRP and polyurea to stabilize crack growth by transferring imparted
energy via educed molecular vibrations, resulting in local energy management and thus
ingenerating substantial resiliency and composite strength sustainability.

Microstructurally, Attard, et al. [3] found that tunable and sustainable (via large
cohesion strength) viscoelastic properties can be instituted in FRP by topically applying a
lightly crosslinked elastomer (polyurea) to a three-dimensional highly cross-linked epoxy

(thermoset) morphology during the latter’s intermediate curing cycle.

x-DCgpl Composite

x-DCEpl is a new mechanical transfer-energy system designed and manufactured
using a dual-hybridized dynamic covalent interface (DCI), which contains amino-based
polymeric compounds that bridge elastomeric polyurea properties to stiff epoxy properties
and also institute significant viscous damping. Zhou et al. [10] used C-DCgpl (x = Carbon-
fibrous composite) to retrofit fatigue-damaged concrete-encased steel flexural members,
revealing significantly more energy transferability than conventional C-FRP. Attard et al.
[11] and Zhou et al. [3] the latter in low/ medium-velocity crush-testing, showed that
mechanical energy transfer in C-DCegpl improves dramatically when DCI is manufactured

at lower #. and thicker polyurea (%,). However, ¢ and polyurea reactivity/ dynamicity
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dominate energy transferability in high-strain-rate-inducing load environments, evoking
controllable viscoelastic properties and damage localization'?. In this study, viscoelastic
properties of x-DCgpl, predicated on DCI, are modeled using a Generalized Maxwell model

and verified using DMA.

DMA Configuration

Spraying polyurea (in its dynamic reactive form) to the surface of curing epoxy (z.)
engenders a covalently bonded DCI that controls cohesion strength and induces unique
molecular vibration properties that can link to macro-properties in C-DCgpl [6] In this study,
C-DCEpl specimens were designed for six DCI, t. = (0, 0.5, 1.0, 2.0, 3.5), and for ¢. = 24
(polyurea is sprayed to fully cured epoxy surface, engendering no DCI), see Table 1.
Chemical analysis via atomic force microscopy (AFM) educes DCI thickness about 2 pm
(at higher #.) and 50 um (7.=0).
Table 1

DMA Test Specimen Details

Curing time | Total Specimen Polyurea Epoxy Width
(¢, hr) Thickness (4, mm) Thickness, mm Thickness, mm (mm)

0 1.55 1.31 0.24 7.27

0.5 2.38 1.58 0.80 6.87

1.0 2.64 1.64 1.00 7.97

2.0 2.93 2.12 0.81 6.28

3.5 4.41 3.12 1.29 9.05

24 4.48 1.30 3.18 7.93

TA Instruments Q800 Dynamic Mechanical Analyzer (DMA) was used to collect
and analyze data in single-mode cantilever bending. Complex dynamic Young’s modulus

is defined as E* = E’' +iE", where E’ is storage modulus (time-dependent linear elastic
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component), and E” is loss modulus (material damping). The ratio of loss/ storage moduli
in the form tan & = E”/E’ represents total energy transfer, i.e., the capability to absorb and
transfer mechanical energy per loading cycle as a function of elasticity, load-rate, and

material damping.

Generalized Maxwell Models and its Parameters
Generalized Maxwell Model
The Generalized Maxwell model, Fig. 1, is phenomenologically comprised of a
linear spring (E,) and several parallel models [M = M(E;,n;)] that describe complex

material relaxation [6, 12].

Ee

Fig. 1. Generalized Maxwell Model

Constitutive equations of spring and multi-models [M] are

o, = E,¢ (D

de do; 1 o

= 2
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m
0'=Ge+ZO'i 3)
i

where ¢*(w) is the complex stress function in the Generalized Maxwell Model that
contains the elastic spring stress a,. The imaginary component, o;(w), is derived via
Fourier transform of Equation (2) to account for rate-dependent loading. The complex
modulus E*(w) may then be derived as a Prony Series, Equation (4), which contains

storage and loss moduli, where the former contains real and imaginary components.

m -
E*(w) = E, + E g P (4)
¢ i 11+l(l)pl
i=

The elastic modulus, E,, is one component of the storage modulus E’(w), Equation
(5) [13], which also contains a real component in the frequency domain. The imaginary
component of Equation (4), or E"” (w) in Equation (6), is the loss modulus. Equations (5)
and (6) are derived for the Generalized Maxwell Model, which is later applied to Equation

(9) to quantify DCI in terms of loss modulus and tc.

E'(w) = E, +ZEll+wp (5)
E"(w)—ZEll s (6)

In Equations (5) and (6), o is angular frequency, and p; is relaxation time. The
Generalized Maxwell Model may be expressed by a relaxation modulus equation to
ascertain relaxation behavior in viscoelastic materials. The relaxation modulus may be
derived in the time domain via Equations (1) — (3), and the storage modulus may be

expressed as Prony Series, Equation (7)
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E'(t) =E, + Z Eie_(%) (7)
i=1

Material Model Parameters

For the Generalized Maxwell Model of Equation (4) — (7), E,, E; and p; are Pony
Series parameters, calibrated for Equation (4), to storage moduli data via DMA testing of
pure epoxy and pure polyurea. By isolating the epoxy and polyurea components in C-DCeel
specimens, the contribution of DCI in terms of moduli and damping may be calculated.
The storage modulus E’ (w) for polyurea and epoxy was obtained via DMA for a series of
frequencies » = (500, 50, 5, 0.5, 0.1); the results are shown in Table 2.
Table 2
Prony Series Fitting Target (DMA Measured Data)

o (rad/s) 500 50 5 0.5 0.1

f(Hz) 79.577 7.9578 0.79577 0.079577  0.015915
Polyurea E' (MPa) | 308.723 299.432 272.23 242.319 222.382
Epoxy E’ (MPa) 2273.54 1778.55 1751.22 1731.03 1694.43

The five DMA characteristic data points appear sufficient for fitting the storage
modulus relationship to 99% (R?=0.99) correlation. Parameters E; and p; are obtained by
fitting the Prony Series model to DMA test data for pure material. The results of the
calibration are shown in Fig. 2, where Table 3 summarizes the parameter results. At
ambient temperature (20°C), polyurea viscoelastic behavior may be modeled using
Generalized Maxwell function in Equation (7) in accordance with the Prony Series

parameters in Table 3.
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Fig.2. The calibration of the fitting results
Table 3

Prony Series Parameters

e 1 2 3 4

E;(MPa) |220392  13.65 6.940 29.13 39.94
pi(s) 0.1682 1.311 1.358 20.94

E;(MPa) | 1685.54  68.42 379.96 256.42 179.30
pi(s) 30.79 0.0454 0.02161  0.01767

Knowing epoxy Poisson's ratio (v) of 0.4 and polyurea 0.45, the viscoelastic
property may then be expressed as the shear relaxation [14] modulus G(t) and bulk

relaxation modulus, K(t), which are obtained using Equations (8a) and (8b).

E(t)

G(t) = 20+ 0 (8a)
E

K(t) 3 1(? ) (8b)
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Results and Discussion

DMA Results and Discussion

Because of the uncertainty in DCI thickness and distribution of type of covalent
bonds within DCI (where different bonds will transfer energy via unique vibration
properties), a conservative approach was used to calculate the general contribution of DCI
to loss modulus, which describes energy transfer capacity (material damping) via materials
deformation and heat to attenuate structural response[15]. Polyurea along with a
combination of DCI and epoxy produces a dual-parallel Generalized Maxwell Model [16],
Fig. 3, for viscoelastic x-DCepl. Equation (9) models x-DCepl as polyurea (p), epoxy (e),

and DCI (D) using Equation (4).

Polyurea

| —— W

Epoxy _ AAAAA

Em+1 Min+1
E—d

Em+2 Nm+2

E:am N2m
— AW —

Fig. 3. Epoxy/polyurea Generalized Maxwell Model Components

2
' N lwp; - lwp;
E*(w) = apEeq + 0oEgp + apEez + apZEi—l T oo, + a, Z E; T+ oo,
i=1 pi i=m+1 pi
3m )
iwp;
o 3 np 9
D "1+ iwp; ©)

i=2m+1
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where volume-fraction coefficients are o, = hy,/hr, a, = ho/hr, ap = hp/hr, and the
total specimen thickness is hr = (h, + h, + hp), see Table 1. Using Equation (9) and
DMA test results, including storage and loss moduli and tan (9) of pure polyurea and epoxy,
see Fig. 4, the contribution of DCI = DCI (tc) to the complex modulus may be calculated.
To validate the DMA data, polyurea, which is an elastomer, has an expectedly similar loss
modulus (17 ~ 20 MPa) as pure epoxy, see Fig. 4(a) and (b); storage moduli are expectedly

different (one order of magnitude
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Fig. 4. DMA results of (a) polyurea and (b) epoxy at 20°C
In this study, DMA data was normalized relative to polyurea thickness (hp) for x-
DCerl (tc). Assuming a two-layer system, see Fig. 3, the effectuated DCI loss modulus may

be determined via the total DMA-measured loss modulus, E” (w), for x-DCerl, see Fig.

5(a).
2m 3m
lwp; lwp;
e Z "1+ w? 2+aD.Z "1+ w?p;?
i=m+1 i=2m+1
m ]
= E'(w) — |a ZEi& (10)
P o+ w?p?
=
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The term in brackets on the right side represents loss modulus of pure polyurea
(based on its volume fraction). Because E"'(w)x—pcgp1 > E''(w). (comparison of Fig.
5(a) and 4(b) and he > hp, we conservatively assumed:

3m

r iwp n la)p
B (@)per = Z Ei1+w21p- T a {E - [%E ‘14 w? lp ]} b
l e

i=2m+1

The results are depicted in Fig. 5(b), which shows about 100% increase in loss
modulus contribution by DCI (tc = 0) in comparison to DCI (0.5 < tc < 2), with a marked
drop-off for DCI (tc > 2). The sudden drop-off at about 10Hz was due to a slip-condition
at the boundary support of the cantilevered specimen. The results validate the tremendous

influence enacted by epoxy curing time on DCI loss modulus.
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Fig. 5. Loss modulus E”(w): (a) E" (w)x—pcy,r Via DMA tests; and (b) E”'(w)p; Via
DMA tests and assuming Fig. 3 model
The ratio of loss modulus to storage moduli, i.e., tan (&), intimates energy
transferability in materials [15] as a function of material damping (o loss modulus),
inelastic material behavior (post-yield stiffness degradation), load-rate (w), and elastic

stiffness (E,). An observation of tan (o) in Fig. 6(a) and 6(b) reveals that while tan (9) is
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again greatest for DCI (tc = 0), the disparity to other values of tc is smaller than loss modulus
in Fig. 5(b). However, structure loading did not induce material damage, and therefore,
there exists a similarity between x-DCepl and DCI+epoxy in Fig. 6(a) and 6(b) due to the
large storage modulus found in pure epoxy which provides the necessary stress transferring
paths in x-FRP structures. However, the large loss modulus enacted by DCI helps to
transfer energy via its covalent chemistry (bond strength/ enthalpy and molecular
vibrations), thus preserving the x-FRP structure and minimizing/ localizing damage,
ingenerating substantial resiliency, and composite strength sustainability. Studies by Attard
et al. [7] and Zhou et al. [5] reveal on micro- and macro- levels are consistent with these
findings, where DCI width (h;) decreases as tc increases; and in X-DCepl specimens with t¢

= 24 hr (fully cured epoxy), there is no DCI (covalent bonding).
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Fig. 6. Tan () results for: (a) x-DCgpl (via DMA); and (b) Epoxy + DCI system

FEA Results and Discussion.
To quantify DCIl-induced material damping and bond strength in X-DCegpl

specimens, measured via DMA, we performed an independent analysis using the
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Generalized Maxwell material model to validate the influence of tc on viscoelastic
behavior. The behavior of DCI at different curing times (tc) is modeled using a cohesive
contact property. We started with an assumption that DCI (tc = 0) represents a fully bonded
interface (bond strength). The bonding strengths of x-DCegpl for various DCI (=0, tc= 1,
tc = 1.5, tc = 3.5 hours) were computed as 5 MPa, 3 MPa, 1 MPa, and 0.5 MPa, respectively
using a Cohesive Element Model(CZM)[17], and the cohesive element modulus were 500
MPa, 400 MPa, 200MPa and 100 MPa.

The FE model and simulations assume polyurea thickness (hp) of 24 mm and epoxy
thickness (he) of 16 mm. The model is shown in Fig. 7(a). A 0.1 N input force was applied
at the specimen boundaries (fixed-fixed) at a frequency of 10 Hz. The time delay At of
stress was used to determine the viscoelastic property of each specimen using Equation

(12) [15, 18].
tan(8)== (12)

where At is the delayed time and Ts is the period of the force in Fig. 6 (b).

(a) (b)

Fix support

. Force
Period T v

\ k
/ )\, + Displacement

. DCI \ N/ \ N/

Observed location

Fig. 7. (a) FE Model of a cantilever beam in single-mode bending, (b) Difference
between the response of displacement and force
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The force-displacement behavior at the loading point (Fig. 7(a)) is observed, and
the four contact properties are simulated with respect to the four values of t.. The response
of each specimen is shown in Fig. 8. The elliptical hysteresis represents varying levels of
damping [19]. In Fig. 8, elliptical area (< energy dissipation — tan(d)) increases and ellipse
rotation decreases (towards 45°) as tc decreases, which is consistent with DMA findings in

support of DCI (tc) influence.
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Fig. 8. Harmonic Response of the specimen
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Conclusions

A new fiber (x) reinforced Dynamic Covalent epoxy-polyurea Interface (x-DCgpl) shows
good potential to greatly enhance mechanical energy transfer, including impact, fatigue,
and vibration, in composite structures due to a viscoelastic property engendered via new
intermittent Dynamic Covalent epoxy-polyurea Interface (DCI). The following four
conclusions are relevant to DCI viscoelasticity.

A Generalized Maxwell Model is constructed using DMA experimental data, which
accurately expresses the epoxy, polyurea and DCI properties.

A parallel epoxy/ DCI and polyurea system conservatively computes the DCI’s
progenerated viscoelasticity.

Epoxy curing time (t;) has a large influence on the loss modulus contribution by
DCI which enhances energy transferability in x-DCepl composite. Lower values of t.
institute enhanced material damping and bond strength between epoxy (which provides
stress-transferring paths for FRP) and polyurea.

Finite element analysis, incorporating a Generalized Maxwell model, accurately
simulates the polyurea, epoxy, and DCI properties, see Equation (11), that comprise x-
DCepl. The results are confirmed via DMA testing, see Figure 5. The analysis, in
accordance with DMA results, validates the influence of DCI on energy transferability and

loss modulus (material damping).
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Abstract

A synthesizable Interfacial Epoxy-Polyurea hybridized-Matrix (IEPM), comprised
of chemical bonded nanostructures across an interface width ranging between 2 um to 50
um, is a candidate for dialing-in molecular vibrational properties and providing high-
impact dynamics resistance to conventional Fiber(x)-Reinforced Epoxy (F/F), engendering
an x-hybrid-polymeric matrix composite system (x-/EPM-t.). Atomic Force Microscopy
(AFM) and Scanning Electron Microscopy (SEM) elucidate interfacial nanoscale
morphology and chemical structure via reaction kinetics of curing epoxy (as a function of
time, #.) and fast-reacting (pre-polymerized) polyurea. Nano-Infrared Spectroscopy (nano-
IR) spectra, per non-negative matrix factorization (NMF) analysis, reveal that simultaneous
presence of characteristic epoxy and polyurea vibrational modes, within a nanoscale
region, along with unique [EPM characteristics and properties following
thermomechanical analysis (TMA) and dynamic mechanical analysis (DMA), indicates
chemical bonding, enabling /EPM reaction kinetics, as a function of 7., to control natural
bond vibrations and type / distribution of interfacial chemical bonds and physical mixtures,
likely due to the bond mechanism between —NCO in polyurea, and epoxide and —NH: in
epoxy hardener (corresponding to characteristic absorption peaks in nano-IR results),
leading to enhanced /EPM quality (fewer defects/ voids). Test results of ballistics-resistant
panels, integrated with thin intermediate layers of x-IEPM-b-t., confirm that lower .
significantly enhances loss modulus (e material damping and per DMA) in impact

dynamics environments.

Keywords: nanostructure, tunable interface, nano-IR, chemical bonding, epoxy, polyurea
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INTRODUCTION

Design flexibility, including high-strength and stiffness, good chemical and heat
resistance, and low-weight makes Fiber-Reinforced Epoxy (F/E) an attractive materials
design-option! for a multitude of structural components. The U.S. Department of Energy
projects the global market for Carbon-F/E (CF/E) to grow to $25.2 billion by 2020 (15.3%
growth rate) with a global-value demand of 210,000 metric tons.>* However, paucity of
Mechanical Energy Transfer (ME.T) due to brittleness* and to low fracture toughness and
material damping, leading to sudden debonding, " are often over-compensated by
aggrandizing fiber quantity, thus amplifying cost and jeopardizing projected global and
economic expectations.

By “enhance ME.T,” we refer to a material’s ability to reduce damage or elastic
deformation due to physical force. Ballistics-resistance in conventional CF/E panels,
subject to full projectile-perforation, '® is limited by low ME.T. Various remediation efforts,

including supplementing panels with Kevlar-29 and reducing aerial density, '®!

provide
limited and inconsistent results. 2° ME.T is a lofty design parameter®'* that has led to the
development of various augmenting methods in polymers and FRPs, often resulting in

adverse aftereffects, 47343

such as decreased mechanical strength, low chemical bond
energy, and high production costs: [i] Although coupling agents can facilitate chemical
bonding between reinforcing nanoparticle surfaces, dispersed homogenously, and the

toughened polymer matrix, 10 3¢

where barriers “pin” cracks and impede crack
propagation, process complexity and high cost limit the volume fraction of treated

nanoparticles to 1% or 2%, thus minimizing benefit to bulk properties; [ii] Although nano-

sized rubber particles with significantly higher surface-to-volume ratio (SV) than
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microstructure or bulk materials create cavitation, crack tip blunting, and crack deflection

3738 and contribute to better

at the interface to deter crack propagation in the matrix
interface-related properties, high SV elicits multifold complications, such as nanoparticle
agglomeration, that induce defects on the ‘polymer matrix-filler’ boundary; [iii] Although
filling the polymer matrix with liquid rubber to create rubber-particle reinforcements>® has
been shown to improve fracture toughness from 0.5MPa-m'? to 1.4MPa-m"?, the addition
of rubber reduces the modulus and introduces defects at the “rigid-polymer-matrix/ rubber”
boundary due to low bond enthalpy and surface energy in immiscible admixtures; [iv]
Although tuning the composition of polymer matrix using a synthesis of block copolymer,
e.g., 'I''> PEO-based copolymers at low concentrations,'® has been shown to toughen the
epoxy matrix, copolymer synthesis is complex and expensive, and experimental conditions
are harsh, prohibiting efficaciousness to FRP application.

In addition to augmenting methods, several studies have focused on multi-scale
material modeling and experimentation, linking nano/micro-scale and macro-scale
properties. Jaffel et al.* developed a multi-scale experimental approach to continuously
relate microstructure to macroscopic mechanical properties of plaster pastes during their
setting, finding that an increase in Young’s modulus was a function of the degree of
hydration. Boek et al.*! studied the colloidal Aggregate Interactions and flow parameters
by simulating Asphaltene Interactions in molecular scale, finding that lubrication layers
between the nanoaggregates led to the significant screening of direct asphaltene-asphaltene
interactions. Also, a two-scale continuum sensitivity formulation was developed and used
to ascertain sensitivity parameters of microstructure in the control of texture-dependent

properties in deformation processing such as higher strength. 4> The results indicate that
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while multi-scale linkages have uncovered control of macro-scale mechanical properties

40-42

via microstructure evolution, no evidence of nanoscale changes appears to link new

material properties to high-impact / shock dynamics. In this light, Leventis et al.***
improved mechanical strength of desirable aerogels by creating a cross-linked composite
framework using covalent postgelation to anchor, or graft, polymer coatings on nanoscopic
skeletal frameworks of silica. Polymer-cross-linking has also been extended to other
applications involving aerogels to, e.g., provide stress-resistance against ambient pressure
drying,*® by grafting isocyanate-derived polyurea to pore surfaces of aerogels with
backbone either innate hydroxyl surface functionality of silica*’ or amine-modified silica,
where the latter has been used for cross-linking with polystyrene*® and epoxide. *° Although
pore-surface-coating primary and secondary particles of silica aerogels, i.e., at building-
block level, with norbornene functionality via ring-opening metathesis polymerization
produced polymer supports®® to improve strength fragility (mechanical strength) of
aerogels, leading to enhanced macroscopic compression strength,’! extreme dynamics
resistance (impact), for example, ballistics-resistance, remains a challenge.

Moreover, although polymer cross-linking non-related aerogel applications in this
context* have been examined, macroscopic strength-enhancing may be limited and cost-
ineffective. Instead, we have turned our attention to evincing loss modulus (material
properties), in lieu of mechanical strength, by cross-linking isocyanate-derived polyurea
without polyol (~-OH) component (e.g., aliphatic-based polyurea) with evolving (ongoing)
epoxide-amine cross-linking, where we used dynamic mechanical analysis (DMA) and
thermomechanical analysis (TMA) to ‘bridge-a-gap’ between probing the cross-linked

nanostructure at molecular (IR) and nanoscopic levels (AFM, chemical mapping) using
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nano-IR techniques and analyzing impact-dynamics resistance at a macroscopic level
(ballistics testing). By using the evolutionary cross-linking of epoxide and amine-based
backbone, based on curing time, which is a backbone in itself, porosity (and non-porous)
and physical surface mixtures may be minimized, instead of eliciting potentially rich
chemical bonding along and through an evolving skeletal contour, evidenced by differing
microstructures confirmed by SEM. Our findings, therefore, elucidate interfacial chemistry
in apparently new polymer composites, linking nanoscale changes to bulk material
properties in highly dynamic broad-scoped environments that may include enhancing
ballistics-resistance, making this study a first of its kind.

Combined with high complexity, production limitations, and cost of nanoscale
fillers, the design of high-impact absorbent structures is challenging. In our study, we
examine nanostructure-based bulk-toughening via interface morphology (in lieu of
conventional nanofillers), focusing on a continuous medium between isocyanate-derived
polyurea with evolving (curing) cross-linking epoxide-amine functionality as the
backbone. The Interfacial Epoxy-Polyurea hybridized-Matrix (IEPM), which may be tuned
chemically, enhances loss modulus and toughness and minimizes composite brittleness,
thus improving ME.T via bonding, within the context of an x-Hybrid-polymeric Matrix
Composite / IEPM-t. (x-IEPM-t.) system, >3 where “x” represents a load-bearing fiber,
e.g., carbon (x = C), aramid (x = A), or glass (x = G); if no fiber (x = none) is used, 0-IEPM-
tc is designated. On the nanoscale, /EPM 1is a reaction of functional groups of pre-
polymerized (aliphatic) polyurea (where the isocyanate monomer, isophorone diisocyanate
(IPDI), reacts with polyoxypropylene diamine in lieu of polyol, commonly used in

aromatic polyurea that was also investigated) and functional epoxy - in accordance with
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the elapsed curing time () of epoxy — to link interfacial nanostructure and desirable bulk
material properties for x-IEPM-t., e.g., carbon-fiber-based composites, by eliciting strong
chemical bonding across a high-quality interface (up to 50um wide), netting high SV of
nanostructures. By tuning chemical reactions of /EPM according to epoxy curing (z.),
where lower curing time elicits higher and more desirable epoxy backbone functionality,
and fast-curing aliphatic-based polyurea, critical chemical bonding (density and
distribution of chemical reactions) and molecular vibrational properties may be acquired.
Previously, we found that /EPM enhances bulk mechanical properties, such as material
damping (<loss modulus), in x-IEPM-t., leading to applications in tornado and hurricane
resistance and crashworthiness.314233 At lower ¢, greater loss modulus was introduced to
x-IEPM-t. -designed structures”!® while maintaining sufficient ambient stiffness.
Application of polyurea to cured F/E (f. > 24 h)** leads to an epoxy-polyurea physical
mixture (without chemical bonding) that introduces only elastic (nonlinear) properties,
where ME.T is marginally enhanced.

In this study, we elucidate how lower 7 (and lower-viscosity epoxy-resin, v) may
stimulate different chemical reactions, specifically chemical bonds in lieu of less-desirable
physical mixtures, across /EPM that exist between known regions of pure epoxy and
polyurea bounded by /rp Ipy. By dialing-in ., the reaction kinetics of diffusing migrating
species of curing epoxy with fast-curing pre-polymerized polyurea may be controlled to
synthesize desirable x-IEPM-t. of high quality (whose IEPM includes minimal
defects/pores and densely distributed chemical bonds) to achieve desirable mechanical
performance via loss modulus. To understand the ramification on property design (ME.T),

1.e., the new nanostructures across the /EPM, AFM and nano-IR were conducted to map
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IEPM nanoscale morphology and chemistry, respectively, and to characterize the effects of
nanoscale domains and chemical bonding on material properties, such as loss modulus, in
x-IEPM-t. samples (using DMA). Design of ballistics-resistant panels, serving as a test-bed
for impact (shock) dynamics, were controlled via /EPM; results confirmed securing of .44
magnum caliber bullets, fired at thin C-IEPM-b-t. panels (where b=ballistics). Our
discovery reveals that /JEPM reaction kinetics, dialed-in using lower #. and lower v, may
conduce certain nanoscale changes within the infrared (/R) frequency range that links
IEPM quality (related to chemical bond density / distribution and defect / void reduction)

and /EPM cohesion strength (in terms of bond enthalpy) to bulk ME.T properties.

Results and Discussion
Study of Chemical Reactions in the IEPM:

Epoxy (or poly-epoxide) denotes the epoxide functional group as well as cured
products of epoxy resin. Epoxy attributes include good mechanical strength and chemical
resistance. In this study, epoxy resin polymerizes with amine hardeners to form a cross-
linked 3-D network. Its reactant counterpart, polyurea in pre-polymerized, or dynamic,
form is an elastomer that is a reaction product of isocyanate (-NCO) based component and
amine (-NH») based component forming urea linkages to cross-linked networks. In our
study, we examined a rigorous number of chemical reactions at the interface by mixing
different polyurea and epoxy components at room temperature to observe gelation.
Complete results are included in Table S1. After examining various combinations, the
reaction between isocyanate and amine epoxy-hardener is the one to most likely occur

(Table S-1, Reaction 2) because of its high reaction rate (approximating the fast-reaction
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rate of pure polyurea), resulting in a three-part reaction between (epoxide) + (amine epoxy
hardener) + (isocyanate) and subsequent formation of a urea bond between epoxy and
polyurea. Formation of chemical bonding is in accordance with: (1) nano-IR spectra of
several IEPM consistently featuring both polyurea and epoxy peaks at single nanoscale
locations (Figures 1 — 3); (2) consistency of non-negative matrix factorization (NMF)
analysis for /EPM structures engendered using lower #.; (3) size of the laser tip (80 nm) is
less than length of either epoxy or polyurea molecule®~°; (4) DMA reveals that loss
modulus for /JEPM-t=24 h (physical mixture / juxtaposition of epoxy and polyurea) is less
than loss modulus for /EPM- t. < 24 h (which does not use fully cured epoxy); and (5)
TMA reveals unique glass transition temperature (7) for /EPM structures for 7. <24 h (but
not for JEPM-t. = 24 h).A suggested reaction is shown in Figure S1.

While polyurea provides limited ME. T, a properly designed /EPM (as a function of
tc) 1s characterized by large chemical bond enthalpy (4H), or strong bonding. In this light,
distribution and density of covalent bonding (primary bonding) between functional groups
of topically treated curing epoxy with pre-polymerized polyurea may be designed®’ to
minimize weak secondary bonds / van der Waal forces, °® which are associated with higher
values of 7.; DMA results also confirm that loss modulus varies significantly (inversely)
with z. in x-TEPM-t.. In our study, samples were designated as x-IEPM-t. which are listed
in Table S2. For example, the C-N bond energy from the urea bond in 0-IEPM-1.5 (t. =
1.5) is 276 kJ/mol, >* which is two orders of magnitude higher than van der Waals force
bond energy, or 0.4 - 4.0 kJ/mol, >* in 0-IEPM-24 (where polyurea is sprayed on fully cured
epoxy after 24 h). TMA further suggests nanoscale changes to /EPM, enacted via epoxy

curing kinetics (#) and manifesting bonding and “/EPM richness,” i.e., density /
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distribution of bond enthalpy, physical mixtures, and vibrational modes (molecular

vibrational energy), are linked to bulk material property tunability. 8-12:1522-24.59

IEPM Spectra

Figure 1 shows AFM and nano-IR results of the /[EPM-t.=0 reaction (comprising
sample 0-/EPM-0), where aliphatic polyurea (curing) was applied to curing epoxy at 7=0
h (with no fiber). An optical microscope image, Figure 1(a), indicates that epoxy and
polyurea phases are separated by a distinct /EPM region of good quality, with minimized
pores, gaps or cracks within the boundary. Two consecutive images of a region were
scanned by AFM to capture the entire interface which is wider than the maximum AFM
scanning range. Figures 1(b) and 1(c) show the changing topography, spanning pure epoxy
(bounded by Ikx), interface (IEPM), and pure polyurea (bounded by /py). In order to study
the chemical composition and bonding characteristics in /EPM, 100 nano-IR spectra were
collected across the interface region. Twelve selected nano-IR spectra (marked by red dots)
are depicted in Figures 1(b) and 1(c), indicating observable changes in morphology across
the IEPM. The twelve nano-IR spectra at these locations are shown in Figures 1(d) and
1(e). Figure 1(b) displays pure epoxy and /EPM that contains both physical mixtures and
chemical bonding. Figure 1(c) displays a smooth transition from /EPM to pure polyurea.
“Wrinkle” patterns are attributed to microtome cutting of the soft polyurea. The bottom-to-
top direction in Figure 1(d) corresponds to pure epoxy-to-polyurea in Figures 1(b) and 1(c).
Table 1 summarizes our findings, revealing various enthalpies®® and vibrational modes
which are related to molecular vibrational / potential energy. The bottom spectrum of epoxy

region (points 1-3, pastel green) reveals characteristic absorption peaks of pure epoxy
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including C-O-C stretching of ethers®®®! (1036 cm™ and 1090 cm™ absorption peaks).
Conversely, the top spectrum of polyurea region (points 9-12, pink) shows characteristic
peaks of pure polyurea including the 1090 cm™ absorption peak (C-O-C) which is also
common to /EPM. Although points 1-3 and 9-12 also contain higher frequencies (> 1300
cm’™!), points 4-8 (orange) are located within the /EPM and contain both polyurea and epoxy
higher absorption peaks: 1510 cm™!, 1606 cm™, 1550 cm™, and 1642 cm™ absorption peaks;
lower frequency peaks (< 1300 cm) are typically not strong indicators of specific

polymers.

Table 1

Characteristic IR peaks of twelve points in 0-IEPM-0 in Figure 1

Location/

points Characteristic Peaks in x-TEPM-0 (nano-IR results)

1-3 (epoxy)  [1036 cm™, 1090 cm™, 1510 cm™,1606 cm™!

1036 cm™, 1090 cm™, 1510 cm’!, 1550 cm™, 1606 cm™,
1642 cm™!

912 1090 cm™, 1550 cm’!, 1642 cm’!
(polyurea)

4-8 (interface)

Chemical bonds identified according to their peaks

1510 ecm™ & 1606 cm™: C-C stretching and C=C stretching of aromatic
rings

1550 cm™': secondary amine with N-H bending and C-N stretching modes

1642 cm!: represents broad urea carbonyl stretching, covering 4 bands
between 1675 cm™ and 1590 cm’!, 696!

1090 cm™ &1036 cm™': C-O-C stretching of ethers; °*°° also contained in
polyurea

Bond enthalpy (kJ/mol)

C-C: 347; C=C: 620; N-H: 393; C-N: 276; C=0: 745; C-0O: 351
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According to Table 1, the 1510 cm™ and 1606 cm™ absorption peaks (both epoxy)
refer to C-C and C=C bonds (stretch modes). The absorption peak at 1550 cm™ (polyurea)
refers to secondary amine with N-H (bending mode) and C-N (stretching mode). The
absorption peak at 1642 cm™ (polyurea) represents a broad urea carbonyl absorption peak
covering four bands between 1675 cm™ and 1590 cm™. 2% Depending on #, epoxy-
polyurea reactions can ensue various type of /EPM quality (in terms of defects / voids),
bond, or cohesion, strength (in terms of enthalpy), and ME.T (in terms of vibrational

modes).
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Figure 1. (a) Optical microscopy image of sample 0-/EPM-0; (b)-(c) AFM image of
IEPM-0 topography, spanning a region from pure epoxy (Igx) to pure polyurea (Ipu). (d)-
(e): IR spectra of 100 points (12 are shown in red), revealing chemical bond
characteristics as a function of ¢
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Vibrational Modes

To identify a link between IEPM chemical bond richness and nano-IR spectral
changes in Figure 1, ¢ (and corresponding /EPM) are associated to specific molecular /
vibrational modes (and potential energies). The atoms and bond structures comprising each
IEPM illustrate relative motions of atomic planes as a function of wave behavior and
distribution of electron energy (density) in atomic space. To enhance ME.T by facilitating
[i] chemical bonding between polyurea and epoxy, [ii] better quality /EPM (fewer
interfacial gaps / defects), and [iii] more /EPM layers within x-IEPM-t., we linked the
diffusity of migrating epoxy agents to vibrational modes (identified using nano-IR spectra)
using the chemical bonds and physical mixtures identified in each /EPM-t. (TOC). For
example, the C=C molecule (1606 cm™, Table 1) in sample 0-IEPM-0 (t~0) includes a
sigma bond (4H = 350 kJ/mol)** and a pi bond (4H = 270 kJ/mol)**, and its vibrational
modes are C-C stretching and C=C stretching of aromatic rings, N-H bending, C-N
stretching, and carbonyl stretching. The strong bonds in aromatic rings, strong polar bonds,
and vibrational modes (Table 1) contribute to fracture toughness and loss modulus.
However, for x-IEPM-t. > 1, the presence of combined 1510 cm™, 1606 cm™, 1550 cm™!,

and 1642 cm™! absorption peaks is less evident, where impact resistance for larger . is less.

9-11

Interfacial Chemical Bonding and Physical Mixing
In order to understand how process tunability (¢.) may affect /JEPM bond strength
and quality, which affect bulk properties, we studied patterns of chemical bonding and

physical mixing in 0-/EPM-t. samples as listed in Table S2, sliced to a thickness less than
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200 nm. Figures 2(a) - 2(m) show optical microscopy images, AFM topography images
and nano-IR spectra. Similar to 0-/EPM-0 in Figures 1(d) and 1(e), 0-/EPM-0.5 and 0-
IEPM-1.0 in Figures 2(c) and 2(f) reveal a cogent interface region and new features in the
nano-IR spectra, including simultaneity of polyurea absorption peaks (1550 cm™!, 1642 cm’
1 and epoxy absorption peaks (1510 cm™!, 1606 cm™) on the spectra of points. The nano-
IR point spectra collected across the /EPM (starting from the epoxy-/EPM (Igx) boundary)
evolve with the gradual decrease in amplitude of the epoxy characteristic absorption peaks
(1036 cm™, 1510 cm™!, 1606 cm™) and gradual increase in the amplitude of the polyurea
characteristic absorption peaks (1550 cm™!, 1642 cm™). This phenomenon suggests that
both physical mixtures and chemical bonds are generated within /EPM-1.0 (width of 10
um) and /EPM-0 (width of 50 um) as a function of #., suggesting different richness in
chemical structure produced from lower versus higher 7.. Sample 0-IEPM-2.5 displays the
following features, see Figure 2(h): 1. Clear boundary between epoxy and polyurea; and 2.
Significant gaps on the boundary. While these characteristics do not imply absence of
chemical bonding / reactivity in JEPM-2.5, quality and width are ostensibly lower, resulting
in decreased loss modulus, verified via DMA, and for larger 7., reduction in interface
chemical reactivity, verified via TMA. Finally, Figure 2(j) depicts an optical microscopy
image of 0-/EPM-24 that completely separated during the microtome cutting process, a

result of the weak interface at higher ..
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Figure 2. Optical images, AFM topography, and nano-IR spectra (corresponding to the red
points shown in each interfacial region) of: (a) — (j) : 0-IEPM-t. for t.=0.5, 1, 2.5, and 24;

and (k) - (m): C-IEPM-0.5v

94



Interface morphology and chemical bonding were also examined according to
epoxy viscosity using sample C-/EPM-0.5v, which is comprised of a higher-viscosity
epoxy (1,367 cps). Although Figure 2(1) does not indicate a clear interface, Figure 2(m)
reveals two spectra with all four major absorption peaks (1510 cm™!, 1550 cm™, 1606 cm’
I, and 1642 cm™) of polyurea and epoxy, indicating the presence of chemical bonding. The
decrease in interface clarity and width, in comparison to 0-IEPM-(.35, is attributed to slower
diffusivity in higher-viscous epoxy relative to lower-viscous epoxy, with diffusivity that

fosters a larger functional region for chemical bonding.

Topography Quality and IR Spectra reveal Simultaneity of Epoxy and Polyurea and t. -
driven Chemical Bonding

Table S1 lists possible interfacial chemical reactions. Among five experiments
conducted between one epoxy component and one polyurea component, the reaction rate
between isocyanate and amine epoxy hardener was remarkably high (comparatively), with
the mixture reacting and gelling within 10 seconds at room temperature; the reaction rate
is also similar to -NCO and —-NH> (polyurea hardener). Although this alone only provides
a possibility of chemical bond formation between epoxy and polyurea, we next consider
that spatial resolution of nano-IR laser is approximately 80 nm (although this can vary
depending on the material being measured). No new major absorption peaks are discovered
on either pure epoxy or pure polyurea nano-IR point spectra. However, characteristic
wavenumbers 1510 cm™, 1550 cm™, 1606 cm™, and 1642 cm™! of both epoxy and polyurea
) 64

molecules (where each is > 100 nm length-scale) ®* are consistently present in essentially

each nano-IR point spectra in 0-/EPM-0 and 0-/EPM-0.5, where the urea carbonyl group
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and aromatic ring in epoxy occur in the same chemical structure, inferring chemical
bonding within those /EPM since we do not observe simultaneity of the four major
absorption peaks in 0-/EPM-t. with larger ¢.. Chemical maps, obtained using the same
nano-IR, further exemplify chemical bond richness, elucidating high improbability that a
physical mixture (< 80 nm) could consistently contain both the urea carbonyl group and
aromatic ring in epoxy. Conversely, the spectrum of 0-/EPM-3.5 appears to be weak in
polyurea / epoxy simultaneity, which tends discernably to the inverse for lower #., and
validates that reaction kinetics (#) are inversely related to chemical bond richness.
Chemical bonding (and its richness) across /EPM may also be described using non-
negative matrix factorization (NMF) analysis, revealing intensities of nano-IR peaks in
decomposed vectors. Finally, DMA results distinguish between loss modulus at various .,
and TMA distinguishes between C-IEPM-t. = 24 (which we believe is, at best, comprised
solely of physical mixture) and C-IEPM-t. < 24, in addition to IEPM re-generativity
characteristics.

Digging deeper, AFM and chemical images at smaller length scales, Figure 3, reveal
discrepancies between samples 0-/EPM-0 and 0-/EPM-2.5. Sample 0-/EPM-0.5, Figure
3(a), depicts large epoxy grains (“pebbles”) adjacent to bulky epoxy and a gradual change
of grain size along the direction from epoxy to /EPM. Chemical bonding is evidenced in
Figures 3(b) and 3(c) where the chemical mapping of epoxy (1510 cm™) and polyurea
(1550 cm™) wavenumbers reveals the presence of both epoxy and polyurea; “yellow” or
“red” affirms presence of each substance. Since epoxy and polyurea are present at the same
location, the presence of chemical bonding can be predicted. Furthermore, 0-/EPM-0.5

shows a polyurea-rich region at the boundary which is also an epoxy-rich region,
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demonstrating the presence of strong chemical bonding in the mixed region, and
penetration of polyurea beyond the surface of curing epoxy. However, the common-area
blue regions in Figures 3(b) and 3(c) indicate no presence of epoxy or polyurea, likely due
to “dips” in the surface of sample after the microtome procedure. In contrast, 0-/EPM-1.0
depicts a uniform size of smaller epoxy grains, attributed to decreased diffusivity of
migrating epoxy species at z- = 1 and a decrease in particle density. However, “red” or
“yellow” regions in Figures 3(¢e) and 3(f), 0-/EPM-1, may be an indicator of richer chemical
bonding and greater simultaneity of epoxy and polyurea. Furthermore, when a scanned
region is devoid of a cogent /EPM layer, chemical mapping, i.e., wavenumber mapping
across the chemical image, reveals discernible separation between epoxy and polyurea. For
example, when mapping the wavenumber of polyurea-feature-peak across polyurea, a color
change, indicating high laser-intensity, is observed (e.g., yellow or red). However, when
mapping the wavenumber of epoxy-feature-peak across the same polyurea image, a
significant contrast in color is observed, where the “flipped” color (to blue), albeit still at
high laser-intensity, indicates absence of epoxy. This occurs in sample 0-IEPM-2.5, where
the blue region in Figure 3(h) reveals no presence of epoxy on the polyurea side of the
interface (using 1510 cm™ epoxy wavenumber mapping) while Figure 3(i) reveals pure
polyurea (1550 cm™! polyurea wavenumber mapping); this signifies a distinct boundary and
minimal presence of chemical bonding, likely signaling reduction in shear resistance

(during the cutting process).
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Figure 3. Magnified AFM images and chemical images of various types of /JEPM: (a) — (1)
: IEPM-0.5, 1.0, and 2.5; and (j) - (p): IEPM-0
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Figures 3(j) through 3(p) show chemical images of 0-/EPM-0, introduced in Figure
1, at the epoxy-/EPM border (blue arrow) and into the /EPM (red arrow). A comparison of
IEPM widths reveals that interface grain size of 0-/EPM-0 is smaller than that of 0-/EPM-
0.5, but grain size decreases again when #.> 1, e.g., 0-IEPM-2.5; however, the small grain
size in 0-/EPM-0 indicates that reactivity of curing epoxy does not maximize upon initial
mixing (although /EPM width does), where lower-viscosity epoxy ostensibly produces
larger epoxy-polyurea grains. Chemical images, Figures 3(k) through 3(I), support the
notion that epoxy diffusivity is less in 0-IEPM-0 since the wavenumber mapping of
polyurea signals (1550 cm™), Figure 3(1), is slightly greater than mapping of epoxy signals

(1510cm™), Figure 3(k).

Non-negative matrix factorization (NMF)

NMF modeling was used to identify /EPM characteristics through statistics,
verifying presence of chemical bonding. Figure 4 shows the three representative de-
convoluted Vector spectra and corresponding Vector intensity loading maps, corresponding
to 100 points across 0-/EPM-0.5, see Figure 2(b), and 0-IEPM-2.5, see Figure 2(h). A
significant chemical bond feature is shown by the circled regions containing peaks 1510
cm’, 1550 cm™!, 1606 cm™!, and 1642 cm™, indicating presence of both polyurea and epoxy.
In Figure 4(a), 0-IEPM-0.5 the corresponding loading indicator maps 1 and 3 indicate high
intensity (yellow and turquoise, respectively) and widespread distribution of these four
peaks across a significant portion of the interface, signifying a rich composition of
chemical bonds. However, NMF of 0-/EPM-2.5 sample obtains only an epoxy Vector

(Vector 3) and two polyurea Vectors (Vectors 1 and 2) as shown in Figure 4(b); there are
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no de-convoluted Vectors that include both polyurea and epoxy peaks. Additionally, a clear
boundary exists between epoxy and polyurea at points 20-25. Therefore, the reason NMF
analysis does not obtain a chemical bond indicator for 0-/EPM-2.5 is that no significant
interface characteristics exist in its nano-IR spectra.

Figure 4(c) shows NMF results of 0-JEPM-0.5v. Vectors 1 and 3 reveal clear
patterns of epoxy and polyurea. Loading maps of Vectors 1 and 3 confirm locations of
epoxy and polyurea via their intensity distribution, but they do not indicate pervasive (rich)
chemical bonding akin to 0-/EPM-0.5 in Figure 4(a). Additionally, Vector 4 shows a
combination of epoxy and polyurea peaks attributed to chemical bonding, but with a higher
fraction of epoxy features than we observed in 0-/EPM-0.5, which attribute to slower
diffusivity of migrating epoxy species associated to higher-viscosity epoxy, resulting in a
narrower /[EPM region, see Figure 2(1), and less reactivity between isocyanate and amine

hardener in epoxy.

Linking Nanoscale Findings to Impulse (Shock) Dynamics (Ballistics Test Results)

We analyzed a series of /JEPM chemical structures as a function of epoxy diffusivity
(in terms of #.), engendering significant chemical bond richness (simultaneity of high-
frequency peaks (> 1500cm™), i.e., pervasive distribution of “red” / “yellow” intensities):
(1) in wide IEPM region (e.g., width of /JEPM-0 = 50 um, see Table S2); (2) using fast
epoxy diffusivity (resulting in large epoxy grain sizes, lower f.) and lower-viscous epoxy;
and (3) fabricating multiple /EPM layers within a multi-x-/EPM-b-t. panel architecture.
According to the results in Figure 3, samples 0-/EPM-t. < 1 embody attributes (1) or (2).

A large-scale experimental test regime was used to link nanoscale changes to ME.T (in

101



terms of loss modulus) in ballistics-resistant panels comprised of two or four layers of C-

IEPM-b-t., where C=carbon fiber.

DMA (loss modulus) and SEM (fractography) results (t.).

DMA was used to link loss modulus and storage modulus material properties to
molecular vibrational modes and bond enthalpy, see Table 1, as well as /EPM chemical
bonding, quality, and width as a function of #. as observed in Figures 2 and 3. The six 0-
IEPM-t. bar samples (30 mm x 7 mm) in Table S2, held in single cantilever mode, were
designed as a function of z. and were excited over a frequency range 0.1 Hz and 10 Hz.
Figure 5(a) compares loss modulus of several /EPM-t., which is nearly zero for 0-/EPM-
24, indicating some type of physical mixture and also revealing presence of gaps between
regions of pure epoxy and pure polyurea (confirmed via SEM). Loss modulus is inversely
related to #., educing three general groupings: (a) . =0 h; (b) .= 0.5 h, 1.0 h, 2.0 h, and
(c) te = 3.5 h, 24 h. The fix-fix boundary condition of the beams elicits a dominant
translational (longitudinal) first mode of vibration, see previous work by He et al., 8
indicating a possible stretching of bonds C-C, C=C, C-N, or C=0 to dissipate energy.
Furthermore, Figure 5(b) shows that /EPM-0 has the largest storage modulus (comprised
of elastic deformation since samples were not loaded post-elastically), indicating strong
presence of large enthalpic C=C and C=0 bonds in conjunction with C-C, N-H, C-N, and
C-O bonds, comprising a rich I[EPM constitution at lower f. in accordance with Table 1,
thus, as Figures 4(a), 5(a), and 5(b) support, maximizing ability of /EPM structures to
transfer energy (via stretching and bending modes) and enhancing IEPM loss modulus

(material damping) and bond strength, where stored energy expended during motion of
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molecules is recovered.

a) 120 . : b) 2000 ,
@ —e— =0 —— 1=0.5hr —— . =1hr () —— 170 ——1=0.5hr ——~=1hr
100 4 t=2hr t.=3.5hr t =24hr i +—1=2hr 1.=3.5hr —=— 1 =24hr
,;V\ 13007 M .
£ 80+ é
Z Z 1000 |
ERS E fromomsreeeer e
g P SN S ]
S 40 N 1 = 5004 o - .
= (LA D ) A \\)’ g
Z i3 g
g 20 1 7 g 04 4
- 7]
0
-500 + 2 e 8
=20 A
0.1 1 10 0.1 1 10
Frequency(Hz) Frequency(Hz)

Figure 5. DMA results of six 0-IEPM-t. test samples (with adjoined epoxy), measuring (a)
loss modulus; and (b) storage modulus

Inverse relationship of 7. and chemical bond richness, including influence of stretching and
bending bonds, is supported via SEM results. Figure 6 depicts various C-IEPM-t., micro-
structures, where #.=0, see Figure 6(a), produces largest /EPM width (~30 um according to
SEM), and loss modulus and storage modulus (Figure 5). For /JEPM comprised of larger ¢,
e.g., te = 2.5 h, Figure 6(b), and .= 24 h, Figure 6(c), loss modulus and storage modulus
of IEPM are substantially less, correlating to less /EPM width and quality, where /EPM-
24, eliciting no chemical reaction, shows distinct interfacial gap. Comparison of CF/E and
C-IEPM-4 fractographs in Figures 6(d) and 6(e) indicate fracture boundary and in epoxy
matrix; conversely, CF/E cracking propagates unstably along fiber-epoxy boundary.
Finally, Figure 6(f) depicts a more uniform, or transitional, /EPM structure, observed even
at large t., e.g., [EPM-3 relative to its I[EPM-4 counterpart in Figure 6(g). Similarly, Figures

6(a) - (c) correlate to Figures 5(a) and (b), indicating that loss modulus and storage modulus
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of IEPM and fracture toughness of C-/EPM may be designed per #. in accordance with the
chemical bonds in Table 1 and their molecular vibrational properties.
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Figure 6. Scanning electron microscope (SEM) images of: (a) - (¢c) C-IEPM-t_ fort,=0; ¢,
= 2.5, and ¢, = 24; (d) - (e) fractographs of CF/E and C-IEPM-4; and (f) - (g) comparison
of uniformity and transitionality of IEPM-¢ forz, =3 and ¢, = 4

104



Although the amount of —-NCO that reacts with epoxide and -NH» from epoxy
hardener to produce a rich /JEPM composition of C-C, C=C, N-H, C-N, C=0, and C-O
bonds (and influence loss and storage modulus in IEPM) is not determined, thus potentially
influencing composition of the overlying polyurea, storage modulus of this top-coat
polyurea is generally unaffected by 7. (as IEPM richness changes); however, at z=24 h,
after completion of exothermic epoxy reaction, 7, and storage modulus of the top-coat

polyurea (elastomer) are expectedly larger.

TMA Results and Regeneration of IEPM. TMA Q400 instrument was used to
ascertain potential re-reaction of /EPM-t. in four samples, C-IEPM-t.=2.5, 3.5, and 24, by
examining percent Dimensional Change (A4D) of each sample against rising Temperature
(7). TMA results indicate discernable (and unique) glass transition temperature, 7y, for
IEPM-2.5 and IEPM-3.5, where re-generativity of the former (at 7. = 2.5) also occurs
(upward slope after 7, = 140.66°C). However, unique 7 is not evident in /EPM-24
structure (nor is its re-generation), where 7, is only observed for epoxy and for polyurea.
We therefore believe that grafting the functionality of isocyanate-derived polyurea to
ongoing epoxide-amine cross-linking, even at higher values of #, results in some degree of
chemical bonding (and physical mixture), but no chemical bonding at #. = 24 h (using a
fully-cured epoxy).

Ballistics-Resistance Results. We demonstrate multi-scopicity using C-IEPM-b-t.
ballistics resistant structures under extreme dynamics environment by probing /EPM
nanostructure to cross-link with a cross-linking evolution (“double” cross-link), eliciting

chemical bonding and interface quality. Loss modulus and storage modulus helps to
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maximize efficacy of /EPM reaction, therefore minimizing number of /EPM layers and
fiber volume fraction. The first testbed is twenty-five 30.5 cm x 30.5 cm (12 in X 12 in)
panels, comprising two or four layers of C-IEPM-b-t. (5 sheets of carbon-fiber per layer),
subject to five types of ballistics (b) caliber cartridges. The results are summarized in Table
2. We considered various z., two types of polyurea (PU) — aliphatic (4L) and aromatic (4R)
— low (v =534 cps) and higher (v = 1,367 cps) viscosity epoxy-resin, and two types of
layering architectures (panels using four layers of /EPM and panels using two layers of
IEPM), see the sketch in Table 2. Test results for .44 magnum caliber impacts (rated muzzle
energy is 1,036 ft-1bs) show 0% “Pass” rate for four-layer samples when the two inner
IEPM layers are designed by cross-linking isocyanate-based aliphatic polyurea with
epoxide-amine cross-linking at #. > 3.0 h; this is consistent for better-quality /EPM that is
engendered using low v (5 samples), compare Figures 2(b) and 2(1). Additionally, back-
end layers of C-IEPM-b-t. samples designed with only two layers (sample Nos. 10-15)
were perforated, i.e., full projectile (bullet)-perforation, by cartridges with rated muzzle
energies exceeding 335 ft-lbs (9 mm Luger). However, against .44 magnum caliber
jacketed soft point cartridges, the “Pass” rate of four of the four-layer C-IEPM-b-t. samples
(Nos. 18, 19, 22, 23), where two inner /EPM were designed using smaller values of 7. (1.75
<1.<2.53 h), was 100%. DMA of IEPM-2 (t. =2 h), see Figure 5(a), reveals a loss modulus
200% larger than that of /EPM-24, pure epoxy or polyurea, leading to the higher “Pass”
rate. The remaining panels in the all-aliphatic (AL-AL) group, sample Nos. 16-25 where
inner /[EPM-t.>2.75 h, show 0% “Pass” rate, accentuating the importance of /EPM quality
and chemical bond richness, entailing a wider interface. However, subjected to lower

muzzle velocity impact (.357 magnum), panels C-HMC/ IEPM-b-t. < 4.0 h, i.e., having
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larger ¢., also exhibited no back-end layer perforation.

A comparison of polyurea-type in the formation of /EPM reveals that an epoxy-
aliphatic PU functional group reaction, see sample Nos. 18 and 19 (2.07 < ¢. < 2.53 h),
passed the .44 magnum impacts, whereas sample No. 3, whose /EPM was realized via
epoxy-aromatic PU functional group reaction with similar # (7. ~ 2.5 h), fails the impact
tests. This may be due to the introduction of moisture (and hence urethane linkages) via
reaction of isocyanate (methylene diisocyanate) with polyether polyol in AR PU, thus
hindering reactivity of (NCO) functional groups with epoxy-based groups, leading to low
quality JEPM. In this light, sample No. 6 (z. = 1.6), whose four IEPM layers were construed
as epoxy-AR PU functional group reaction, failed the .44 magnum impact.

AFM in Figure 2(k) and NMF in Figure 4(c) show that width and chemical bonding
are more prominent in /EPM that is derived using low-viscosity epoxy (with “LAM-125"
resin) as opposed to medium-viscosity epoxy (with “LAM-135" resin). As a result, the
former engenders higher-quality /EPM, enhancing panel resistance against .357 magnum
impact. An inverse relationship between epoxy viscosity and migration of epoxy species /
reactivity is observed by comparing the following samples: Sample No. 3 (low v) / Pass
and No. 2 (medium v) / Fail; No. 7/ Pass and No. 8 / Fail; No. 16 / Pass and 17 / Fail, and
No. 18/ Pass and No. 17 / Fail. The four comparisons are based on similar 7. and the same

PU.
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Based on the results in Table 2, 40% of C-IEPM-b-t. samples (Nos. 18, 19, 22, and
23) with JEPM that were produced using only aliphatic polyurea passed .44 magnum
impact; the range of shortest cure times in these samples is 1.75 < 7. < 2.22 h while the
longest value of #. is approximately 2.5 h. In accordance with Figures 3(d) — 3(f), Figures
3(g) — 3(i) and Figure 4(b), there appears to be sufficient /EPM chemical bonding to
sufficiently enhance loss modulus. Thirteen out of 19 panels designed with 4 layers of
IEPM (and using either AR or AL agents) pass the .357 impact (which has about 50%
muzzle energy of .44 magnum), and because f. is less critical for lower-energy impacts, 5
out of 7 panels designed with at least one layer of /JEPM-t.> 3.0 passed. Furthermore, 84%
of panels (with 4 JEPM layers) passed the impact by .45 ACP caliber (about 30% muzzle
energy). Finally, only 2 out of 6 panels designed with two /EPM layers (IEPM-t. ~ 2.5)
passed the 9mm Luger impact, and all panels passed low-velocity caliber impact (.22 LR),
130 ft-1bs, including two panels (Nos. 5 and 24) with #. > 4.0 h.

To ascertain consistency with our findings and establish a repeatable link between
impact dynamics and /EPM quality (relative to 7. and v ), we designed two additional test
programs in accordance with Table S3: (A) four panels were manufactured using ¢, =
(0, 1.5, 2.5, 24) by sequentially adhering four groups of 5-carbon-fiber layers with JEPM-
t.engendered after each 5™ layer using medium-viscosity epoxy-resin throughout; and (B)
four panels were manufactured as described in text program A for ¢ =
(0,0.5, 1.5, 2.5) using low-viscosity epoxy-resin. Two .45 ACP caliber, two .357 magnum
caliber, and two .44 magnum caliber cartridges were fired into each of eight panels. Results
are summarized in Table 3 in accordance with Table S3. In test program A, eight out of

twelve impacts failed to perforate back-end layers of Sample Nos. Alv and A2v, hence
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“Passing,” with the exception of four .44 magnum caliber bullets. A comparison to Sample
Nos. 18, 19, 22, and 23 (1.77 < t. £2.5) — all which captured .44 magnum caliber bullets,
Table 2 — elucidates poor-quality /EPM engendered per higher-viscosity (V) epoxy-resin,
see Figure 2(1), #. notwithstanding. The results are consistent with findings in Figure 7 that
evidence regeneration of /EPM as temperature continues to increase above the 7, of IEPM
designed using lower v. For common v, comparison of Sample No. A2v (. = 1.5 h) to
Sample No. 17 (2 < ¢ < 3) reveals substantial improvement in impact resistance to .357
magnum and .45 ACP caliber bullets, where 7. ~ 1.5 h threshold appears consistent with
findings on loss modulus, Figure 5(a). Sample No. A3v captured one bullet (.45 ACP); two
.44 magnum caliber, two .357 magnum, and one .45 ACP caliber bullets perforated and
exited the panel back-end. A comparison to Sample Nos. 1 and 2 (Table 2), where two
IEPM were engendered using aromatic polyurea but with lower-viscosity resin, reveals
panel failure in three out of four impacts: .357 and .44 magnum caliber bullets (both panels
survived .45 ACP impacts), implying that albeit a “balance in degree of /EPM quality”
between polyurea-type and epoxy-resin viscosity, v may be the more critical design
parameter of the two, see also comparison of Sample No. A3 v to Sample Nos. 8 and 9.
Finally, although Sample No. 17 failed .44 magnum, .357 magnum, and .45 ACP caliber
impacts, similar to Sample No. A3v, Sample No. 18 — using lower v (and aliphatic
polyurea) and similar . (~ 2.5) — passed all impact tests. Therefore, while results of panels
with /EPM-t.= 2.5 may exhibit some inconsistency, considering inherent variability per a
“hand-made” manufacturing process, the findings of test program A corroborate Table 2
test results, i.e., that lower #. (and lower v, in addition to aliphatic polyurea) engender a

desirable /EPM. In test program B, we measured the approach impact velocity using a
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chronograph, see measured values in Table 3. Only one (.44 magnum caliber bullet) out of
twenty-four (24) impacts perforated back-end of one of four test panels (Sample B4, ¢ =
2.5), confirming that: (1) higher-viscosity epoxy-resin, even at lower #. (e.g., 0 - 0.5),
compromises /EPM quality, see Figure 2(1), by reducing /EPM chemical bond richness

across narrow interface; and (2) securing of .44 magnum caliber bullet requires 7. < 1.5.
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Figure 7. TMA results for three C-/EPM-t. test samples, where we observe T, for epoxy
and polyurea in each sample, but 7, for the interface (chemical bonding) only in C-/EPM-
2.5 and C-IEPM-3.5, not in the case when polyurea is applied to fully cured epoxy
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Table 3

Ballistics test results for Test Programs A and B

Panel Design ( C-/EPM-b-t, v, aliphatic polyurea)

Test Program A (v=1,367 cps) B (v=534 ¢ps)
Result: Pass (P) / Fail (F)
Spec No. (1 | ATV (0) | A2v (1.5)A3v (2.5) Adv (24) BI(O) | B2035) | B35 | B4@25)
Caliber (vel. fps) | (vel. fps) | (vel, tps) | (vel, tps)
A5 ACP rr rr P F F F P(787) P(757)i P(783) P(782) i P(765) P(813) i P(764) P(778)
357 magnum| P P PP : FF | P(1218) P(1244} P(1214) P(I2371 P(1226) P(NAR.): P(1243) P(1214)
.44 magnum F K k¥ FoF | P(1562) P(1527] P(1530) P(1592] P(1551) P(1552) F(1541) P(1502)

N.R. - Not Recorded

IEPM chemical bond richness, identified by nanoscale changes in /EPM-t.
affecting chemical bond richness and interface quality, is confirmed via TMA in Figure 7
and via NMF statistics in Figure 4, and via comparison of Figures 3(b) / 3(c) through
Figures 3(h) / 3(i), is quantifiably linked to loss modulus (material damping) in C-ITEPM-t.
(at lower .), prohibiting perforated back-end panel damage per impact dynamics. In Figure
7, as T, for IEPM is approached, molecular segmental motions activate, and energy is
dissipated via molecular friction (heat) where motions occur with difficulty — noting that
material / ITEPM stiffness decreases (as molecules can move more freely per decline in
storage modulus) — signifying increase in loss modulus. Interestingly, not only does /[EPM
quality improve through lower #., lower v, and aliphatic polyurea moieties, but /EPM re-
generativity, see Figure 7, means its storage modulus / stiffness increases, eliciting a unique
systems of high elongation resistance and molecular friction conducive for large impact

(shock) dynamics environment.
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CONCLUSIONS

A synthesizable Interfacial Epoxy-Polyurea chemically hybridized-Matrix (IEPM)
was designed for a fibrous (x) hybrid polymeric matrix composite architecture. x-IEPM-t..,
characterized by /EPM as a function of the curing time () of a two-part epoxy system
(resin-hardener mixture), may be used to dial-in loss modulus properties, leading to macro-
scale property design in high-impact dynamics environments. The nanoscale morphology
and chemical structure of /EPM, after grafting isocyanate-derived polyurea functionality
to backbone of evolving epoxide-amine cross-linking, leading to a potential library of
designable x-/EPM-t. bulk material properties, were investigated by SEM, AFM, and nano-
IR. AFM images and FTIR spectra reveal prominent /EPM in samples having shorter ¢,
elucidating chemical bond richness, and /EPM quality (fewer defects/ voids) and width
(ranging from 2 um for longer 7. to 50 um at #. = 0). Furthermore, NMF statistical modeling
was used to identify /EPM characteristics using de-convoluted vector spectra and
corresponding vector intensity loading maps, revealing a rich composition of chemical
bonds particularly across /EPM-t.=0, where points consistently displayed simultaneity of
polyurea and epoxy higher absorption peaks (1510 cm™, 1550 cm™, 1606 cm™, and 1642
cm™).

In /EPM designed with small 7, there is strong presence of chemical bond richness
that improves interface cohesion (bond enthalpy) and reduces /EPM defects. Across IEPM
width, a three-part reaction between (epoxide) + (amine epoxy hardener) + (isocyanate)
introduces critical urea bonds to the epoxy system, via chemical bonding, engendering
desirable molecular vibrational properties, specifically C-C stretching, C=C stretching of

aromatic rings, N-H bending, C-N stretching, and broad urea carbonyl stretching bonds at
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single nanoscale points. The chemistry of /EPM nanostructures, supported via statistics of
NMF analysis of the IR spectra data and also physically by the tip-size of the nano-IR laser
tip (80 nm) which is smaller than polyurea or epoxy molecule size, correlates well to bulk
material properties, such as loss modulus, which shows 100% increase for IEPM-#=0
relative to IEPM-7.=0.5, and glass transition temperature (and IEPM re-generativity), per
x-IEPM-t. design.

In a first-series of ballistics test results, forty-percent of ballistics-resistant (b)
panels, manufactured with four layers of C-IEPM-b-t. that utilized IEPM-t. ~ 2, aliphatic-
based polyurea groups, and low-viscosity epoxy-resin, passed .44 magnum caliber impact
tests. In order to confirm these results and to explore utilizing /EPM chemistry per lower
te, two additional ballistics test programs were designed, confirming: (1) promising results
of the first test for panels designed using lower 7. (per the test program), and (2) C-IEPM-
b-t=0, up to C-IEPM-t. < 1.5 (and using low-viscosity epoxy-resin and also aliphatic
polyurea), via mechanical energy transferability attribute (loss modulus), positively and

consistently precludes perforation of back-end layers by .44 magnum caliber bullets.
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ABBREVIATIONS
AFM - Atomic Force Microscopy;
SEM - Scanning Electron Microscopy;
DMA - Dynamic Mechanical Analysis
NMF - Non-negative matrix factorization;
IR - Infrared;
IEPM - Interfacial Epoxy-Polyurea hybridized-Matrix;
x-IEPM-t. - x-Hybrid-polymeric Matrix Composite (¢ indicates the epoxy cure time; x
indicates the fiber-type, where x = 0 means ‘no fiber’);
CF/E - Carbon Fiber-Reinforced Epoxy (for a carbon reinforced polymer, CFRP);
ME.T - Mechanical Energy Transfer;
SV - surface-to-volume ratio;
DGEBA - bisphenol A diglycidyl ether;
IPDI - isophorone diisocyanate;
MDI - methylene diisocyanate;
AL PU - aliphatic polyurea;

AR PU - aromatic polyurea;
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SUPPORTING INFORMATION
Materials and Methods

IEPM Synthesis. This study focuses on a time-point to apply polyurea to curing
epoxy (), utilizing fast-curing non-catalytic two-part aliphatic polyurea (FSS42D Part A:
Isophorone Diisocyanate (IPDI) reacts with Polyoxypropylene Diamine; FSS42D Part B
(resin): Diamine) - purchased from Versaflex Incorporated, USA - and a low-viscosity
epoxy (544 cps) - Bisphenol A Diglycidyl ether (DGEBA) epoxy resin (LAM-125 resin)
and LAM-226 polyamine hardener - purchased from Pro-Set Inc., USA. In the ballistics
testing, we examined two-component aliphatic polyurea and aromatic polyurea, where Part
A of the latter was comprised of Methylene Diisocyanate (MDI) and Polyether Polyol.
Epoxy resin and NHj-based hardener were mixed by a volume ratio of 3:1 at room
temperature. Effects of epoxy viscosity on /[EPM were studied by synthesizing /EPM using
t=0.5 h and #~=2.5 h with a higher-viscosity epoxy (1,367 cps): LAM-135 resin and 226
hardener. Various combinations of potential chemical reactions are shown in Table S1.
Figure S1 depicts a suggested reaction based on the high reaction rate of Reaction 2 and
because we found single nanoscale locations to consistently feature both polyurea and
epoxy peaks. In the construction of C-IEPM-b-t. panels, carbon fiber sheets (2x2 Twill
architecture, 5.78 oz / yd?, 550 ksi tensile strength, 0.33 mm fiber thickness) were
purchased from ACP Composites, Inc., USA.
Table S1

Possible /EPM chemical reactions: curing epoxy / polyurea (pre-polymerized)

Reaction Polyurea Epoxy Reactions Preliminary  Discussion/ Explanation
number component component  being tested Observations
1 Part A Resin -NCO + No reaction N/A

(diisocyanate) (DGEBA) epoxide
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-NCO + -OH

2 Part A Hardener -NCO + -NH, Solidifies in -NCO + -NH, rapid
(diisocyanate) (polyamine)  (epoxy seconds after yreaction
hardener) mixing
3 Part B Resin Epoxide + - Mixed, no Additives in epoxy part B
(polyamine) (DGEBA) NH, (polyurea reaction after accelerate the reaction of
part B) 24 hours epoxide + NH,
4 Part A Curing -NCO + -NH, -NCO on the Possible -NCO + NH,/ -
(diisocyanate) epoxy (3:1 (epoxy top, still. NCO + epoxide reaction
ratio resin: hardener) at liquidafter24 at the interface, but no
hardener) the interface ~ hours reaction in top layer —
NCO
5 Part A Curing -NCO + -NH, -NCO on the Possible -NCO + NH,/ -
(diisocyanate) epoxy (2:1 (epoxy top, still. NCO + epoxide reaction
ratio resin: hardener) at liquidafter24 at the interface, but no
hardener) the interface ~ hours reaction in top layer —

2 0
NN R'—N=C=0 + HZN\R/ + 2 Lk/o

NH

\

NH,

NCO

om

Figure S1. Schematic of suggested reaction, where formation of chemical bonding within
the IEPM (interface) consists of the three-part reaction: (epoxide) + (amine epoxy
hardener) + (isocyanate)
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Polyurea

[EPM-1,

Polyurea

Manufactured Sample

Figure S2. Manufactured 0-IEPM-¢. sample and SEM image of 0-IEPM-¢.

IEPM 1is a reaction between epoxy and pre-polymerized fast-curing polyurea.
Multiple elapsed curing times of epoxy resin (%) were selected as time-points (0 h, 0.5 h, 1
h, 1.5 h, 2.5 h, 3.5 h, and 24 h) to spray polyurea on curing epoxy. Figure S2 shows one of
the manufactured samples and its SEM image of IEPM. For C-IEPM-¢. fabrication, carbon
(C) fiber sheets were immersed in epoxy mixture. For 0-IEPM-¢. fabrication (“x” is 0), the
just-mixed epoxy mixture (£=0), signifying commencing of curing, was poured onto a
substrate as the bottom layer. Polyurea was then applied onto curing epoxy at 70 °C using
a polyurea spray machine (Reactor E-10, Graco Inc., USA) with a high-pressure spray gun
(at 1000 psi and 70 °C). At the conclusion of the spray process, specimens remained in a
curing state for 24 h before being cut (via electric table saw) and tested under mechanical
loading (DMA and up to .44 magnum ballistics testing). The specimens were named in
accordance to type of fiber ("x") that was used and ¢., see Table S2. Specimens that utilized
LAM 135/ 226 were designated as C-IEPM-0.5v and C-IEPM-2.5v. Specimens that were
constructed as ballistics panels were designated as x-ITEPM-b-t. (b = ballistics) and were

manufactured as follows: Using two wood-constructed frames as support-structures, two
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groups of five fiber sheets were individually epoxied. The last layer was sprayed with
polyurea, engendering “inner” /[EPM reaction; the back-side of the first layer was not
sprayed. Aromatic and aliphatic polyurea cures after approximately 10 sec and 90 sec, per
manufacturer recommendation. Five additional fiber layers, intermittently epoxied, were
applied to the two cured polyurea surfaces. The last layer was sprayed with polyurea,
engendering “outer” JEPM reaction at approximately z. = 2.5 h. The two "inner-outer" half-
panels were epoxied together, back-fiber-side to back-fiber-side. The four-layer panel was
removed from its adjoined wood frame.

Table S2

Specimen names and corresponding parameters

Specimen Name t. (hr) IEPM Width (um) Fiber Type (‘°x’)
0-IEPM-0 0 50 0
0-IEPM-0.5 0.5 30 0
0-IEPM-1 1 10 0
0-IEPM-1.5 1.5 <2 0
0-IEPM-2.5 2.5 <2 0
0-IEPM-3.5 3.5 <2 0
0-IEPM-24 24 0 0
C-IEPM-0.5V 0.5 <10 C (Carbon), 2-layer
C-IEPM-2.5V 2.5 <2 C(2-layer)
C-IEPM-0 0 C(2-layer)
C-IEPM-0.5 0.5 C(2-layer)
C-IEPM-1 1 C(2-layer)
C-IEPM-1.5 1.5 C(2-layer)
C-IEPM-2.5 2.5 C(2-layer)
C-IEPM-3.5 3.5 C(2-layer)
C-IEPM-24 24 C(2-layer)
C-IEPM-b-t. t. varies C(4-layer/2-layer)

Characterization. Scanning electron microscopy (SEM), (Zeiss, USA), was
implemented to observe the fracture surfaces of x-HMC / IEPM-t. cross sections to study

the thickness and morphology of interface. Atomic force microscope (4FM) and nano-
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Infrared Spectroscopy (nano-IR) were carried out to study the morphology and chemical
composition of the interface area respectively (Nano-IR2, Anasys Instruments, USA). All
AFM and nano-IR measurements were carried out in contact mode using commercially
available Au coated Si cantilevers with a nominal resonance frequency of 13 + 4 kHz,
spring constant of 0.07-0.04 N/m, and 50 nm radius of curvature. Prior to nano-IR
characterization, the specimens were trimmed and cut to a dimension of I1mm by Imm by
200 nm using Microtome (Zeiss, USA).

Mechanical properties of six x-HMC/ IEPM-t. specimens, see Table S3, were
measured using Dynamic Mechanical Analyzer (DMA). Bar specimens were cut to size 30
mm by 7 mm and tested in single cantilever mode at room temperature using a RSA-G2
Solids Analyzer instrument (USA). In order to identify /EPM properties, we effectively
isolated /EPM in each 0-IEPM-t. specimen via multi-layered parallel Generalized Maxwell
Model (epoxy, polyurea, and IEPM). Using measured DMA results for pure polyurea and
pure epoxy, shown in Figure S3, we normalized test results according to a Thickness Factor,
m, using each sample’s thickness and the maximum thickness of the group of six samples,

to account for experimental variation'.

10000 [~=—Palyuea Storage Modulus|
—=— Polyura Loss Modulus
—=— Epoxy Storage Modulus
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o —
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Figure S3. DMA results of pure polyurea and pure epoxy, Set-up of Test Program B,
including wood-constructed support structure, chronograph, and C-IEPM-b-t, test panel
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Microtoming reveals Shifting of nano-IR Spectra Peaks

The 1090 cm™! absorption peak shifts to 1115 cm™ in 0-IEPM-2.5, see Figure 2(i),
which could be explained by weak hydrogen bonding with absorbed water during the
microtome process. However, since nano-IR point spectra were not collected on the “black
holes” in Figure 2(h), this does not appear to be the case. Furthermore, the 1090 cm™ peak
was not observed to shift in 0-IEPM-0 Figures 1(d) and 1(e), 0-IEPM-0.5 Figure 2(c), and
0-IEPM-1, see Figure 2(f).

Non-Negative Matrix Factorization (NMF). A line of 100 points was selected to
perform nano-IR spectral analyses from pure-epoxy region, across the /EPM, to pure-
polyurea region for all x-IEPM-t. specimens. We rearranged the nano-IR spectra of all
points per /EPM to form a nano-IR spectra matrix V and used Non-Negative Matrix
Factorization (NMF)) to de-convolute the spectra using matrix W (wave number spectra)
and intensity matrix H by V=W X H. All three matrices have no negative elements. Each
vector in W is a de-convoluted vector of a single IR spectrum along the line of nano-IR
scanning points. We de-convoluted, i.e., statistically decompiled, the original non-
normalized IR data into 6 Vectors, i.c., a combination of the 6 Vectors would result in the
original “convoluted” spectra; six Vectors provided sufficient statistical insight into the

chemical bonding as a function of ¢..

Ballistics-Resistant Panels.
The National Institute of Justice’ defines panel failure as full perforation by
projectile per minimum initial projectile velocity. * Passing is quantified using 'back face

signature,’ or greatest extent of indentation in the backing material, caused by the non-
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perforating impact on armor. In our study, x-/EPM-b-t. ballistics panels (thickness: 1.25 cm
to 1.91 cm; 0.5 in to 0.75 in) were manufactured using 'hand lay-up' procedure. Each panel
consisted of either four layers of /EPM or two layers of /EPM using combinations of ¢,
polyurea type (aliphatic or aromatic), and epoxy-resin (low or medium viscosity). Each
four-layer /JEPM panel contained 20 layers of carbon fiber. Each panel was subjected to
five calibers: .22LR (long rifle), 9mm Luger, .45Auto/ ACP, .357 Magnum, and .44
Magnum, Table S3. An additional two test programs (A and B for different epoxy-resin
viscosity) were also used to check repeatability of results and to confirm correlation
between lower #. on nanostructures and ballistics resistance. Test program B used
chronograph (RCBS AmmoMaster Chronograph®), placed at ten (10) feet from test panel,
to measure the approach impact velocity of cartridges that were fired at twenty (20) feet.

Our typical test set-up is shown in Figure S4.

Table S3

Five caliber-rated bullets used for ballistics-impact testing on x-/EPM-b-t.

Ballistics  Table Caliber Bullet Bullet Rated Muzzle Rated Muzzle
Brand Weight  Type Velocity (fps) Energy (ft-1bs)
(grain)
Federal 22 LR 40 Lead round 1200 130
nose

Remington UMC  9mm Luger 115 FMJ 1145 335

CClI Blazer 45 Auto 230 FMJ 845 365

CCI Blazer Brass  .357 magnum 158 JHP 1250 548
Remington UMC .44 magnum 180 JSP 1610 1036
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Figure S4. Set-up of Test Program B, including wood-constructed support structure,

chronograph, and C-IEPM-b-t. test panel
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CONCLUSIONS

An experimental testing program was developed to analyze six connection-detail
design schemes in coastal bridges, to ascertain their structural integrity and plausibility of
reduce each girder’s susceptibility to local cracking during major hurricane events. The
test-bed for each test girder included a periodic wave-force function, consisting of
simultaneous surge (vertical / hydrostatic) and wave (lateral and vertical / hydrodynamic)
forces in accordance with the existing 1-10 bay-way AASHTO bridges in Mobile,
Alabama. The six, single-span Test Girders (TG, /4 scale) were designed using the
following connection-details: (1) ‘Pre-Katrina,” or ‘as-is’ mechanical connections prior to
the 2005 Hurricane Katrina event; (2) ‘Post-Katrina,” utilizing through-bolt threaded
anchors for the concrete girders; (3) conventional carbon-fiber reinforced epoxy (CF/E)-
wrapped connection-details that included pre-Katrina-designed mechanical connections;
and (4) — (6) Carbon-fiber Interfacial Epoxy-Polyurea Matrix (C-IEPM) at different tc (2.5
hr and 1.5 hr) applied to zero, one, or two girder-ends eliciting different boundary

conditions, with or without existing pre-Katrina-designed mechanical connections.
C-IEPM is a new composite based on the modification of traditional CF/E, where
IEPM interfacial film was annexed to CF/E via chemical reaction between curing epoxy
and polyurea moieties. A calculated Hurricane Katrina wave function was dynamically
applied to the six test girders. Pre-Katrina TG, Post-Katrina TG, and C-IEPM 0 TG
connection-details failed after approximately one-half of the load cycle duration; within

0.5 sec after the initial shear failure of the connection-details, the girders severed from their
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respective cap-beams. Although C-IEPM_1 TG exhibited about 2.5 to 3 times greater
strength than Pre-Katrina TG, Post-Katrina TG, and C-IEPM_0 TG, C-IEPM_1 TG also
failed in less than one full load cycle.

Although the connection-details in C-IEPM_2 TG and CF/E TG were able to achieve
the maximum wave load (160.1 kN), CF/ E TG was deemed to have effectively failed
during cycle No. 1 as it was unable to recover, or re-achieve, the maximum force during
the load plateauing stage and experienced excessive damage, including fiber breakage.
However, because of an aggrandized quantity of fiber and re-orientation of materials axes,
the reserve strength and deflection recovery helped the girder recover a portion of the
energy during subsequent loading cycles until catastrophically detaching from its cap-beam
supports. Conversely, C-IEPM, formulated with a reaction between epoxy and polyurea
moieties to engender a high-quality IEPM, infused significant material damping via
damping ratio of 4.87% (versus 1.18% for CF/E) to the connection, therefore limiting the
damage of the girder to local cracking after 12 wave-load cycles. The final conclusions of
the study are summarized as follows:

* CF/E TG i1s unable to dissipate sufficient energy per loading cycle, experiencing
significant girder rotation and fiber delamination. As the damage accumulated, the
force-deflection hysteresis remained transient until the girder catastrophically

failed

* C-IEPM 2 TG provides sufficient energy dissipation and fracture toughness
(fracture energy), thus localizing damage to the fiber, matrix, and concrete in the
connection. The anelastic behavior of the connection and hyperelastic response of

the girder help to stabilize its hysteresis after load cycle No. 3 or load cycle No. 4,
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characterizing its survival. After 12 load cycles, C-IEPM 2 TG experienced only

localized damage.

A Generalized Maxwell Model is constructed using DMA experimental data, which
accurately expresses the epoxy, polyurea and IEPM properties.

A parallel epoxy/ IEPM and polyurea system conservatively computes the IEPM’s
progenerated viscoelasticity.

Epoxy curing time (t;) has a large influence on the loss modulus contribution by
IEPM which enhances energy transferability in x-IEPM composite. Lower values
of t¢ institute enhanced material damping and bond strength between epoxy (which
provides stress-transferring paths for CF/E) and polyurea. Curing time (t) is
recommended less than 2 hours, considering the construction time, if C-IEPM is
used for onsite construction for the connection of the bridge connections,

In IEPM designed with small tc, there is strong presence of chemical bond richness
that improves interface cohesion (bond enthalpy) and reduces IEPM defects.
Across IEPM width, a three-part reaction between (epoxide) + (amine epoxy
hardener) + (isocyanate) introduces critical urea bonds to the epoxy system, via
chemical bonding, engendering desirable molecular vibrational properties,
specifically C-C stretching, C=C stretching of aromatic rings, N-H bending, C-N
stretching, and broad urea carbonyl stretching bonds at single nanoscale points. The
chemistry of IEPM nanostructures, supported via statistics of NMF analysis of the
IR spectra data and also physically by the tip-size of the nano-IR laser tip (80 nm)
which is smaller than polyurea or epoxy molecule size, correlates well to bulk

material properties, such as loss modulus, which shows 100% increase for IEPM-
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t=0 relative to IEPM-t.=0.5, and glass transition temperature (and IEPM re-
generativity), per x-IEPM-t. design.
C-IEPM is a viable option for minimizing bridge-damage under extreme coastal hurricane
forces. Requiring a minimal quantity of carbon-fiber, C-IEPM minimizes damages due to
hurricane induced loads to local cracking, thereby potentially extending the life-span of

vulnerable coastal bridges.
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LIMITATION OF THE RESEARCH

The study shows that C-IEPM has good potential for application in the
strengthening of bridge connections against hurricane-induced wave and surge load.
However, there are still some limitations in the presented study.

The Y4 scale girder cannot fully represent the prototype. Further analyses need to be
done with full-size specimens or entire bridge spans. The real dynamic hurricane wave
loads impact angle and location are unpredictable. Though the simulated hurricane wave
load in the lab considered the wave load’s period, it is still a quasi-static loading that aims
to represent realistic maximum forces to which the connection will be subjected.

For the presented strengthening method using CFRP (CF/E and C-IEPM) wrapping
the as-is mechanical connections is a good concept. But this wrapping method is not
practical in the field because the span-to-span gap is too small to permit wrapping the girder
ends. Also, due to limitations of testing time and availability, the wrapping method is not
fully optimized.

All research conducted in the lab and did not consider the on-site environmental
influence. How to control the epoxy curing time and environmental temperature is a
question that needs to be solved, but was not an objective of this research. Environmental
factors like wind and sunlight will also influence the manufacture, and deserve further
study with regard to C-IEPM. The interface study is based on the matrix sample. The
presence of fibers needs to be considered for further study, since the the presence of fibers

will likely influence the mixing of epoxy and polyurea in the interface zone.
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APPENDIX: MODIFIED DOUGLASS FUNCTION
Based on the maximum hurricane-induced, the wave elevation information. The
maximum hurricane wave loads could be estimated using modified Douglass function.
Estimated Wave Forces on I-10 Bridge During Mock Hurricane Katrina, Case C

_l\r/laximum Wave Crest Elevation

Tmax

AZn AZv

Storm Surge Elevation

Av

Mudline

Figure A1. Modified Douglass Function definition

First step: the assumption of sea state
MSL = 0.00'
Mudline = -5.00'
21.50" Storm Surge
8.80' Significant Wave Height

Elevation of Centroid of Deck = 20.62' (3.5' Above Top of Cap)

Second step (key): calculating wave forces using Modified Douglass equation
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Calculations:
Nmax = 0.78 * (1.4*8.80) = 9.61"
Maximum Wave Crest Elevation = 21.50' +9.61' = 31.10'
Ap = 65" xT7"' =455 ft2
Ay =65"x(43"2)=1397.5 ft2
Azy = smaller of 31.10°—- 18.12° = 12.98'
or
24.12' - 18.12'=6.00'
Azy = 6.00'
Azn = smaller of 31.10' —20.62' = 10.48'
or
24.12' - 20.62' = 3.50'
Azn = 3.50'
Vertical Force:
E, = C"CE;
F," = (64pcf) (6.00") (1397.5 ft2) = 536.6 kips
Fy=(1.0) (536.6 kips) = 536.6 kips
Horizontal Force:

(N-1)

Fh = {1 + CT }C}TCF;

Fh* = (64 pef) (3.50) (455 f2) = 101.9 Kips
Fh = [1+(0.33) ((5-1)/2)] (1.0) (101.9 kips) = 169.2 kips

Overturning Moment:
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* Assume Vertical Force Acts at a Location of % Span Width
M = Fy x ¥4 Span Width
M = (536.6 kips) (43'/4) = 5768.9 kip-ft

These resultant wave forces along with the span DL forces and the combined.

Fv =536.6 kips
Fn = 169.2 kips
M =5768.9 kip-ft

Third step: response to a Mock-Katrina Hurricane

Estimated ‘DL + Wave’ Forces on a Typical Mobile Bay I-10 Span During a Mock-

Katrina Hurricane is shown in the following Figure 3.2.

Wave DL= 540Kips
I:> —\ (2400kN) /
169.2Kips
(752.6kN) L1V
A
5769Kip-
7822KkN-
( m) 536.6Kips
(2387kN)

(a) Resultant "Dead Load (DL) + Wave" Forces

\ . /

33.8kips 33.8kips 33.8kips 33.8kips 33.8kips
(150.4kN) (150.4kN) (150.4kN) (150.4kN) (150.4kN)

=~ =~

ZT127.3kips ZT63.3kips $0.7kips $64.7kips $128.7kips
(556.3kN) (281.6kN) (3.1kN) (287.8kN) (572.5kN)

(b) Distributed "Dead Load (DL) + Wave" Forces

Figure A2. Estimated Wave Forces on I-10 Bridge During Mock Hurricane Katrina,
Case C
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