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Abstract
In recent years, the use of modular bridge deck components has gained popularity for
facilitating more durable components in bridge decks, but these components require field-
applied connections for constructing the entire bridge. Ultra-High-Performance Concrete
(UHPC) is being extensively used for highway bridges in the field connections between

girders and deck panels for its superior quality than conventional concrete.

Thus far, very limited data is available on the modeling of hybrid-bridge deck connections. In
this study, finite element models have been developed to identify the primary properties
affecting the response of hybrid deck panel system under monotonic and reverse cyclic loads.
The commercial software ABAQUS was used to validate the models and to generate the data
presented herein. The concrete damage plasticity (CDP) model was used to simulate both the
conventional concrete and UHPC. In addition, numerical results were validated against
experimental data available in the literature. The key parameters studied were the mesh size,
the dilation angle, reinforcement type, concrete constitutive models, steel properties, and the
contact type between the UHPC and the conventional concrete. The models were found to
capture the load — deformation response, failure modes, crack patterns and ductility indices
satisfactorily. The damage in concrete under monotonic loading is found higher in normal
concrete than UHPC with no signs of de-bonding between the two materials. It is observed
that increasing the dilation angle leads to an increase in the initial stiffness of the model.
Changing the dilation angle from 20° to 40° results in an increase of 7.81% in ultimate load
for the panel with straight reinforcing bars, whereas for the panel with headed bars, the

increase in ultimate load was found 8.56 %.

Furthermore, four different types of bridge deck panels were simulated under reversed cyclic
loading to observe overall behavior and the damage pattern associated with the reversed
cyclic load. The key parameters investigated were the configurations of steel connections
between the precast concrete deck elements, the loading position, ductility index, and the
failure phenomena. The headed bar connections were found to experience higher ductility
than the ones with straight bars in the range of 10.12% to 30.70% in all loading conditions,

which is crucial for ensuring safe structural performance. This numerical investigation



provides recommendations for predicting the location of the local damage in UHPC concrete

bridge deck precast panel connections under reversed cyclic loading.

Despite of having excellent mechanical and material properties, the use of Ultra-High-
Performance Fiber Reinforced Concrete (UHP-FRC) is not widespread due to its high cost
and lack of widely accepted design guidelines. This research also aims to develop a UHPC
mixture using locally and domestically available materials without heat curing in hopes of
reducing the production cost. Several trial mixtures of UHPC have been developed using
locally available basalt and domestically available steel fibers. Among them, one trial
mixture of 20.35 ksi compressive strength was selected for further study. To investigate the
applicability of this locally produced UHPC in bridge closure, two full scale-8 ft. span hybrid
bridge deck slabs with UHPC closure were constructed and tested under monotonic loading
to identify the structural and material responses. The load- deflection response of the hybrid
connection confirms that the deflection increased linearly until the initiation of first crack,
after that it increased non-linearly up to the failure of the connection. The strain response also
confirms that UHPC experiences less strain than normal strength concrete under compression
loading. In addition, a moment curvature analytical graphical user interface model of hybrid
bridge deck connection has been developed using MATLAB to predict ductility, curvature,
and the stress distributions in those connections. The predicted value of moment and
curvature from the code was found in good agreement with experimental data as well. The
code provides a tool to professional engineers to predict ductility, curvature, and the stress
distributions in those connections. The code is built in such a way to allow various input
parameters such as concrete strength, dimensions of hybrid connection and deck panels,
reinforcement configuration and the shape of the connection.

Though, ultra-high-performance fiber reinforced concrete (UHP-FRC) has very high
compressive strength compared to conventional concrete, the failure strain of UHP-FRC is
not enough to withstand large plastic deformations under high stain rate loading such as
impact and blast loading. Hence, a numerical study has been conducted to simulate low-
velocity impact phenomenon of UHP-FRC. The responses obtained from the numerical study
are in good agreement with the experimental results under impact loads. Five different types
of UHP-FRC beams were simulated under impact loading to observe the global and local



material responses. The key parameters investigated were the reinforcement ratio (p), impact
load under various drop heights (h), and the failure phenomena. It was observed that higher
reinforcement ratio showed better deflection recovery under the proposed impact. Also, for a
specific reinforcement ratio, the maximum deflection increases approximately 15% when
drop height decreases from 100 mm to 25 mm. Moreover, the applicability of concrete
damage plasticity model for impact loading is investigated. The results also provided
recommendations for predicting the location of the local damage in UHP-FRC beams under

impact loading.

Moreover, this research work includes a nonlinear finite element analysis of high-strength
concrete confined with opposing circular spiral reinforcements. The spiral reinforcement is a
very common technique used for reinforcing columns in active seismic regions due to its
high ductility and high energy absorption. The results are compared with previously tested
small-scale concrete columns made with the same technique under monotonic axial loads.
The proposed technique is developed to improve the strength and ductility of concrete
columns confined with conventional spiral systems. The finite element (FE) analysis results
have shown that the proposed model can predict the failure load and crack pattern of columns
with reasonable accuracy. Beside this, the concrete plasticity damage showed very good
results in simulating columns with opposing spirals. The FE model is used to conduct a study
on the effect of spiral spacing, y (ratio of the core diameter to the whole cross section
diameter) and compressive strength on the behavior of circular spiral reinforced concrete
columns confined with opposing circular spiral reinforcements. The results of the parametric
study demonstrated that for the same spacing between spirals and same strength of concrete,
increasing y increases the failure load of the column. It is also observed from the study that
the ductility of the studied columns is not affected by changing the value of y. In addition, a
correlation between the y factor, three different compressive concrete strengths, and the

spacing of opposing spirals was developed in this study.
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Chapter 1: Finite-Element Modeling of UHPC Hybrid Bridge Deck

Connections
“Finite-element modeling of UHPC hybrid bridge deck connections”, published in
International Journal of Advanced Structural Engineering, September 2018, Volume 10,
Issue 3, pp 199-210

Abstract

In recent years, linked bridge deck elements have gained popularity for facilitating more
durable components in bridge decks, however these components require field-applied
connections for constructing the entire bridge. Ultra-high-performance concrete (UHPC) is
becoming a major material for closure pours in bridges and various department of
transportation have been developing guidelines. UHPC is known for its superior quality over
conventional concrete in terms of constructability, strength and durability. So far, very
limited data are available on the finite-element modeling (FEM) of hybrid bridge deck
connections. In this study, finite element models have been presented to define the crucial
factors affecting the response of bridge hybrid deck panel systems under monotonic loads.
The commercial software ABAQUS was used to validate the failure modes and to generate
the data presented herein and the concrete damage plasticity was used to simulate both
conventional concrete and UHPC. Numerical results were validated using available
experimental data in literature. The key parameters studied were the mesh size, the dilation
angle, reinforcement type, concrete models, steel properties, and the contact behavior
between the UHPC and the conventional concrete. The models were found to capture the
load—deflection response of experimental results, failure modes, crack patterns and ductility
indices show satisfactorily response. A sensitivity test was also conducted by considering
various key parameters such as concrete and steel constitutive models and their associated
parameters, mesh size, and contact behavior. It is perceived that increasing the dilation angle
leads to an increase in the initial stiffness of the model. The damage in concrete under
monotonic loading is found higher in normal concrete than UHPC with no signs of de-
bonding between the two materials. Changing the dilation angle from 20° to 40° results in an
increase of 7.81% in ultimate load for the panel with straight reinforcing bars, whereas for

the panel with headed bars, the increase in ultimate load was found 8.56%.



Introduction

The ASCE 2017 report card listed that about 9% of bridges in the USA are classified
structurally deficient and each year more than 3000 new bridges are being constructed (Bhide
2008). It has been always a challenge for the bridge engineers to find new ways to build
better bridges with reduced construction time. So far, significant efforts have been provided
in developing innovative ways to increase the long-term structural performance, and
currently, the use of UHPC has become more popular in the construction industry for its
superior properties such as its early very high strength that might reach 96 MPa (14,000 psi)
in 3 days, its promising toughness, and long-term steadiness. The term UHPC is classified as
innovative cementitious composite materials, where ground-breaking technology of cement
and concrete industry grouped together (Graybeal 2010). In fact, the concept of using UHPC
for connection between precast concrete panels started in the mid-90s. At that time, a
building was being constructed at Aalborg University using UHPC as a closure pour
material, and additional project was completed, where UHPC was used for slab-column
connections and its bond characteristics, (Aarup et al. 2009; Hansen and Jensen 1999;
Nielsen et al. 1996; Aarup and Jensen 1998). Additional research was completed at Chalmers
University focusing on the application of UHPC as closure material (Broo and Broo 1997;
Harryson 1999, 2000). Simplicity in construction and outstanding performance made UHPC
connection more popular than conventional modular-component connections, where
conventional concrete connections require post-tensioning, complex confinement
reinforcement, large volume of concrete, etc., (Graybeal 2010). An ample amount of studies
has been conducted to investigate the bond strength between UHPC and various materials.
Perry and Seibert (2012) reported on applications related to precast joints of UHPC. The
bond characteristics between timber and UHPC were studied by Schéfers and Seim (2011).
The interfacial behavior of hollow glass fiber-reinforced plastic beams having a UHPC filled
compressive zone was examined by El-Hacha and Chen (2012). Graybeal and Swenty (2012)
investigated the performances of precast deck joints with variable cross sections. More
research has been conducted on developing analytical models to predict the compressive and
tensile strength. As it is not always feasible to conduct large-scale test of UHPC connection
of bridge deck elements, a need for developing dependable 3D finite-element model is

needed. Graybeal (20064, b, 2008, 20094, b), performed comprehensive experimental tests



on UHPC characterization, full-scale flexural and shear of I-girders, and pi-girders.
Numerical modeling of UHPC connected deck panels has been always challenging due to
non-availability of post peak behavior of UHPC either under compression or tension loads.
The post-peak behavior is very important to predict the damage parameters needed for
numerical modeling (Chen and Graybeal 2012). Different modeling approaches considering
diverse assumptions have been proposed, but sensitivity analyses are needed for identifying
the major parameters affecting the numerical results. In this paper, a finite-element model is
developed which can be applied for a variety of UHPC bridge connections subjected to
monotonic loading. The model also recognizes the major factors affecting the numerical
results and evaluates the sensitivity of the material input parameters on the variability. The

experimental program and finite element modeling are described in the following sections.

Experimental Program

Two full-scale experimentally tested deck panels were selected from Graybeal (2010). The
two specimens had two different UHPC connections, where straight and headed bars were
used. Table 1.1 provides the details of the two test specimens. The details for each of the
specimens, the location of UHPC filled connection, and normal strength concrete deck panels
are provided in Figure. 1.1 and 1.2. In all cases, the size of the test specimens was 2400 x
2152 mm (94.5 x 84.7 inch). The diamond shape UHPC connection runs parallel to the
length of the slab specimen with a 152 mm (6 inch) nominal width, as shown in Figure 1.1.
No post-tensioning was included in the test panels and the connection reinforcements were

extended from the adjacent precast slabs into the UHPC connection, (Graybeal 2010).

Table 1.1: Test Specimen (Graybeal, 2010)

Specimen  Orientation Depth  Reinforcement

8H Transverse 200 16M (#5) headed black reinforcement with 90 mm lap length and 450 mm
mm (top) and 180 mm (bottom) spacing
8G Transverse 200 16M (#5) galvanized straight bars with 150 mm lap length and 450 mm

mm (top) and 180 mm (bottom) spacing
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Figure 1.2: Reinforcement details for panel 8G (Graybeal 2010)

Finite Element Modeling

The numerical simulations were conducted using the ABAQUS code, which is a general FE
analysis software for modeling the nonlinear material behavior, interaction between different
materials, heat transfer, fluid dynamics problem etc. Both implicit and explicit numerical
methods are available in ABAQUS for solving problems associated with large deformation
and multi-loading environments. ABAQUS/Explicit method was used for simulating the FE

models as it can effectively handle severely nonlinear behavior.

Precast Panels

Various models are available in the ABAQUS software library to model the concrete
material. The “concrete damaged plasticity” model used in this paper was developed by
(Lubliner et al., 1989) and then elaborated by (Lee & Fenves, 1998). The constitutive

relationships in the model require the following material input parameters:

= Uniaxial stress-strain constitutive relation under compressive and tensile loading.



= Damage parameters d. and d, for compressive and tensile load, respectively.

These parameters are used to identify and validate damage and crack patterns of the
developed model and compare it with experimental results. Three different concrete
constitutive models were adopted in this study to identify the most suitable concrete model.

These models were only used to predict the behavior of precast panels.

Concrete model proposed by Hsu and Hsu (1994)

The concrete model derived by Hsu and Hsu (1994) is limited to a concrete compressive
strength of 62 MPa. For other concrete grades, modifications should be made by referring to
the original work reported by Hsu and Hsu (1994). This model assumes a linear stress-strain
relationship up to 50% of the ultimate compressive strength (ocu) in the ascending portion.
The model was only used to predict the compressive stresses from 0.5¢¢, to 0.30¢y in the

descending portion.

Oc = (ﬁ(—g_gg)cﬁ> Ocu (1.1)

where, the parameter S depends on the shape of the stress-strain diagram and is given by:

1

B =—5a7 (1.2)
1_[8050]
£ =89x1050,, +2.114 x 1073 (1.3)

The initial tangential modulus, Eo is given by
E, = 1.243 x 10% 6, + 3.28312 x 103 (1.4)

Concrete model proposed by Park and Paulay (1975)

This model considers concrete as an elastic-plastic and strain hardening material. The

constitutive relation in compression is assumed to follow this expression:

o=t - (2] (15)

&o €o

Where, £ is the cylinder compressive strength of concrete in MPa. o, is the strain at peak

stress and; ecu is the crushing strain.



Concrete model proposed by Saenz (1964)

The uniaxial compressive stress-strain relationship proposed by Saenz (1964) is as follows:

Ec gc

o = - — — (1.6)
1+(R+RE—2)(é)—(2R—1) (é) +R (é)
Where,
(R.—1* R, F 7 E T g

Where, Ry =4 and R, = 4

Concrete compression and tension damage parameters were calculated using the following

equations which were proposed by Birtel and Mark, (2006)

de=1-—- ocke” (1.7)
el (b_c — 1) + fE;1

where

d. = Concrete compression damage parameter

f. = Compressive Stress

E. = Modulus of elasticity of concrete

eP ! = Plastic strain corresponding to compressive strength

b, = Constant ranges 0 <b.< 1

d,=1— orbe (1.8)

11 _
Ef (b_t_ 1) + ftEc 1
where

d; = Concrete tension damage parameter



f+ = Tensile Stress

E. = Modulus of elasticity of concrete

e? ! = Plastic strain corresponding to tensile strength
b, = Constant ranges 0 <b,< 1

The concrete parameters used in the plastic damage model are shown in Table 1.2.

Table 1.2: Concrete parameters used in the plastic damage model

Concrete Mass Young’s Poisson’s Dilation  Eccentricity foofco b,

Strength Density Modulus Ratio Angley  (¢) /bt
3

(MPa) (tor/mm) — (MPa) (Degrees)

45 2.4E-009  26764.7 0.2 20,36,40 0.1 116 0.7

UHPC

Very limited analytical model has been developed for predicting the compressive and tensile
behavior of UHPC up to the knowledge of the authors. The UHPC compressive strength was
210 MPa and the tensile strength was taken as 6.40 MPa (Graybeal 2006a). Figure 1.3 shows
the stress-strain history of the UHPC used in this study and provided as input in ABAQUS.
Concrete compression damage parameter that was used based on equations 1.7 and 1.8
(Birtel and Mark, 2006). Table 1.3 shows the input parameters used in the damage model.
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Figure 1.3: Axial stress-strain behavior for UHPC (a) in Compression and (b) in Tension
(Graybeal 2006a)

Table 1.3: Ultrahigh-Performance Concrete parameters used in the plastic damage model
(Chen & Graybeal, 2010)

Concrete Mass Young’s Poisson’s Dilation Eccentricity foofco b /b
Strength Density - Modulu Ratio Angley €
(MPa) (ton/m (Degrees)
mq) (MPa)
210 2.565E- 53000 0.18 15 0.1 1.16 07

009
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Reinforcing steel

Reinforcing steel has been modeled using a 2-noded linear 3-D truss element (T3D2),
however solid elements were used to model the headed end. The reinforcing bars within the
concrete slab were simulated using the embedded element technique available in ABAQUS.
Both elastic-perfectly plastic and bilinear stress-strain curves are tested for the simulation.

The other parameters used to define the behavior of reinforcing steel are shown in Table 1.4.

Table 1.4: Parameters of reinforcing steel

Type Poisson's ratio Elastic Modulus Mass Density (tonne/mm?) Yield Stress
(MPa) (MPa)
Steel 0.3 200,000 7.85E-009 414/517

Panel 8H has been reinforced at the connection using headed bars of 16M (#5) as normal
reinforcement whereas panel 8G was reinforced by straight, lapped bars of 16M (#5). The
thickness of the headed bars was 12.7 mm (0.5 in) and a diameter of 50.5 mm (1.987 in.). For
panels 8H and 8G, the minimum lap length in the connection was 90 mm (3.54 inch) and 150
mm (5.9 inch), respectively. Two additional 16M (#5) bars were provided along the length of
the connection between the top and bottom layers. Steel reinforcement is assumed to have
perfect bond with concrete as an embedded element in ABAQUS. The mesh configuration

and reinforcement details are shown in Figure 1.5.

A displacement-controlled loading was applied to the panels through a rigid steel plate
placed on the top of the panels until the failure occurs as reported in the test program which
is shown in Figure 1.4. In the experiment, the deck panels were supported by elastomeric
pads on the top of steel plates. The roller supports represent the elastomeric pads at both
sides of the deck panels. The load was applied in very small increments using the explicit
dynamic option in ABAQUS. The edge of the loading plate was parallel to the precast-UHPC

interface.
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(b)

Figure 1.5: (a) Concrete mesh configuration (b) Reinforcement details (straight bars) (c)

Reinforcement details (headed bars).



Sensitivity Analysis
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A sensitivity analysis of the numerical models was conducted based on the constitutive

models of concrete and steel, concrete input properties such as dilatancy angle and mesh size

of the elements. Numerical models for both straight and headed bars were named SB-XYZ-
P¢ and HB-XYZ-Po, where SB and HB stands for straight bar and headed bars, respectively,

X represents the initial letter of the concrete constitutive model being used (H, S, and P), Y is

the mesh size (5, 10, and 20 mm), Z represents the contact model type used (T for Tie contact

and F for friction model), P stands for steel model (E for elastic—perfectly plastic and B for

bilinear model) and o is the angle of dilatancy. All these variables are shown in Table 1.5.

Table 1.5: Variables used for sensitivity analysis

Sensitivity Test Parameters Straight bars Headed bars
20mm SB-H20T-E35° HB-H20T-E35°

Mesh size 10 mm SB-H10T-E35° HB-H10T-E35°
smm SB-H5T-E35° HB-H5T-E35°
¢=20 SB-H20T-E20° HB-H20T-E20°

Dilation angle 35 SB-H20T-E35° HB-H20T-E35°
40 SB-H20T-E40° HB-H20T-E40°

Concrete Model

Hsu and Hsu (1994)
Saenz et. Al (1964)
Park & Paulay (1975)

SB-H20T-E35°
SB-S20T-E35°
SB-P20T-E35°

HB-H20T-E35°
HB-S20T-E35°
HB-P20T-E35°

Steel properties

Elastic-Perfectly Plastic

Bilinear

SB-H20T-E35°
SB-H20T-B35°

HB-H20T-E35°
HB-H20T-B35°

Contact modeling

Perfect bond (Tie)
Penalty (Friction)

SB-P20T-E35°
SB-P20F-E35°

HB-P20T-E35°
HB-P20F-E35°

UHPC

All Parameters were constant for all cases
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Effect of Concrete Model

Three different constitutive models of concrete were considered to investigate the overall
behavior the UHPC hybrid connections. The ultimate load carrying capacity for the models
HB-S20T-E35°, HB-P20T-E35°, HB-H20T-E35° were found 480.21 kN, 486.07 kN and
469.811 kN respectively. For SB-S20T-E35°, SB-P20T-E35° and SB-H20T-E35° the
ultimate load carrying capacity was found to be 486.98 kN 473.76 kN and 482.62 kN.
Though all the models predicted the ultimate load quite satisfactorily, these models showed
stiffer behavior compared to the experimental results which was expected due to the initial
cracking developed in the real specimens due to casting, and shrinkage. It is observed from
Figure 1.6 that the model proposed by Saenz et al. (1964) indicates a decrease in initial
stiffness which is 2% and 45% less than the models proposed by Hsu and Hsu (1994) and
Park & Paulay (1975) respectively for headed bar. Concrete damage plasticity (CDP) model
was used for modeling both normal strength concrete and UHPC which incorporates both
tensile cracking and compressive crushing of concrete. Defining tension stiffening in CDP
model is necessary as it can model strain-softening behavior for cracked concrete. Due to
unavailability of post-peak behavior of UHPC, the ratio of the strength in the biaxial state to

the strength in the uniaxial state, the eccentricity, are assumed in the CDP model.

(a)
600 f
500
400 F
=
%300 | Experiment
§ ’ Hsu and Hsu (1994)
200 Park and Paulay (1975)
saenz (1964)
100
0
0 20 40 60 80

Displacement(mm)



15

(b)
600
500
400 } ‘ '
Z
< Experiment
5300 |
i Hsu and Hsu (1994)
)
200 |/ Park and Pauley (1975)
saenz (1964)
100 H
)
0
0 10 20 30 40 50 60

Displacement(mm)

Figure 1.6: Effect of concrete models (a) 8G and (b) 8H

Effect of Dilation Angle

In this section, the angle of dilatancy of concrete was varied from 20° to 40° for the precast
concrete. Figure 1.7 shows that the results do not vary drastically as the dilation angle
changes. Numerical results from both panels 8G and 8H also showed that higher dilation
angle results in slightly higher ultimate load without affecting the initial stiffness. For panel
8G, changing the dilation angle from 20° to 40° results in an increase of 7.81% in ultimate
load whereas for panel 8H, the increase in ultimate load was found 8.56 %. The amount of
dilation depends strongly on the density of the material (ABAQUS). For this reason,
increasing confinement results in an increase in the angle of friction. In both 8G and 8H
panels, higher dilation angles produced slightly higher initial stiffness which was expected.
In case of headed bar specimens, the stiffness of the composite panel for a dilation angle of
40° was found to be 9.69% greater than the stiffness for dilation angle of 20°, whereas for the

8G panel, initial stiffness was found 5.47% higher for the 40° dilation angle.
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Figure 1.7: Effect of Dilation Angle (a) 8G and (b) 8H

Effect of Steel Properties

Both elastic-plastic and bilinear models of the reinforcement steel were implemented to
investigate their effect on the overall performance of the panels. It is evident from Figure 1.8
that the bilinear model of the steel showed lesser stiffness than the elastic-perfectly model
and both models showed low stiffness compared to the experimental load-displacement

response. The initial stiffness decreased 8% and 20% for 8G and 8H panels respectively



which justifies that the bilinear model could predict the experimental results quite

satisfactorily in both panels.
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Figure 1.8: Effect of Steel Properties (a) 8G and (b) 8H
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elastic-perfectly plastic and bilinear cases is shown in Figure 1.9. In both cases, the steel bar

reached the yield stress which was 414 MPa. It also verifies that the finite element model is

in good agreement with the input data provided for steel properties.
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Figure 1.9: Axial stress vs axial strain response for the reinforcement steel at the UHPC

connection

Convergence Study

A sensitivity test was carried out to determine optimum mesh size for the simulation to
capture the load-displacement response accurately. The numerical simulation was performed
for 5 mm, 10 mm and 20 mm mesh size. Figure 1.10 shows that there is no significant
change observed between 20 mm and 5 mm mesh size. However, the computational time
decreased significantly for coarser mesh. The ultimate load is found 486.98 kN and 490.31
kN for 20 mm and 5 mm mesh respectively which are very close. In consequence, all the

simulations were conducted for 20 mm mesh.
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Figure 1.10: Convergence Study for 8G

Contact modeling

The contact between the normal strength precast concrete deck panels and UHPC is the most
crucial part to model in ABAQUS because no numerical data available about the behavior of
this kind of hybrid connection. Two different kinds of contact properties were used in
ABAQUS to predict this behavior. Firstly, a perfect bond between the UHPC and the
conventional concrete was assumed and second, a friction model with a friction coefficient of
1.09 (Hussein et al. 2016) was implemented in which little slip between the interfaces
(normal concrete and UHPC) was allowed. Figure 1.11 shows that both models were quite
capable of predicting the response of experimental program satisfactorily. It seems that the
friction model has less stiffness than the perfect bond model which was anticipated though

the predicted ultimate load was less than the experimental one.
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Figure 1.11: Effect of Contact Model

Validation of the Finite element Model

The proposed finite element model has been validated with two full-scale experimentally
tested deck panels as described in all the previous sections, which includes both headed and
straight reinforcement bars under monotonic loading. The failure mode of deck panels was
due to the large deformemin associated with a reduction in ultimate load.. A comparison of
full-scale experimentally tested and the finite element model is presented in Figures 1.12 and
1.13 to validate the competency of FEM to observe the failure load, mode of failure and

overall behavior of UHPC connection in precast deck panels.
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Figure 1.12: Load vs Displacement response at mid span



21

Figure 1.12 shows that inelastic cracking response continued to increase until the load
reaches to approximately 370-390 kN. Up to this level the numerical models showed higher
initial stiffness than the experimental ones. Above that load level, the displacement has been
changed significantly without noticeable increase in the failure loads. The same behavior is
also observed in the experimental results. Figure 1.13 shows the damage in concrete panels
both in compression and tension. As UHPC has a higher compressive strength than normal
strength concrete, less damage was found in the UHPC connection. It is also apparent from
the figure that there is no indication of slip or de-bonding along either of the two connection
interfaces which is in good agreement with the experiments. The crack pattern found in the
tension side of the deck panels is in good agreement with the cracks observed from the
experiment. Figure 1.14 shows the damage pattern found around the reinforcement bars in
tension. It is evident from Figure 1.14 (a) and (b) that less damage is found around headed

(a)

bar.
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The axial stain history of normal precast concrete and the UHPC in panel 8H for both
compression and tension is shown in Figure 1.15. The ultimate axial compressive strain was
found 0.01 mm/mm and 0.0065 mm/mm for normal concrete and UHPC, respectively. As
UHPC can withstand more tensile strain, it was observed that the tensile strain is higher in
UHPC which is 0.08 mm/mm.
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Figure 1.15: Strain response of NSC and UHPC in compression and tension (8H)

The overall comparison between the FEM and experimental results is summarized in Table
1.6. The energy absorption was calculated for each case (Arem) and compared with the
respective experimental results (Aexp). The ratio between the energy absorption in the
experiments to the energy absorption in the FEM ranges from 0.91 to 1.01. Table 1.6 also
shows that the FEM considering the bilinear steel properties with a friction interface between

the panel and the UHPC connection predicts more close results than other parameters.



Table 1.6: Comparison between FEM and Experimental results
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Sensitivity ~ Variables Straight bar Aexpr Ultimate Headed bar Aexp/Arem  Ultimate
Test Arem  Load (kN) Load
(kN)
Mesh size 20mm SB-H20T- 0.95  486.98 HB-H20T- 0.92 469.81
E35° E35°
10 mm SB-H10T- 0.95 44521 HB-H10T- N/A N/A
E35° E35°
5mm SB-H5T-E35° 0.94  490.31 HB-H5T-E35° N/A N/A
Dilation 20 SB-S20T- 0.93  453.17 HB-S20T- 1.01 442.33
angle () E20° E20°
35 SB-S20T- 0.94  473.76 HB-S20T- 0.91 467.13
E35° E35°
40 SB-S20T- 0.93  488.54 HB-S20T- 0.98 480.21
E40° E40°
Concrete Hsu and Hsu SB-H20T- 0.95 486.98 HB-H20T- 0.92 469.81
Model (1994) E35° E35°
Saenz (1964) SB-S20T- 0.94  473.76 HB-S20T- 0.92 480.21
E35° E35°
Park & Paulay SB-P20T- 0.93 48262 HB-P20T- 0.92 486.07
(1975) E35° E35°
Steel Elastic-Perfectly SB-H20T- 0.95 486.98 HB-H20T- 0.91 469.81
properties Plastic E35° E35°
Bilinear SB-H20T- 0.94 51574 HB-H20T- 0.97 465.59
B35° B35°
Contact Perfect bond (Tie) SB-P20T- 0.93 48262 HB-P20T- 0.92 486.07
Modeling E35° E35°
Penalty (Friction)  SB-P20F- 0.95  462.05 HB-P20F- 1.01 462.02
E35° E35°

Structural Performance under Low Cyclic Loading

The following section describes the behavior of the hybrid bridge deck connections under

low cyclic loads.

All specimens were subjected to a low cyclic loading which is shown in Figure 1.16. The

load was applied at the mid-span in two different locations. To minimize the computational

effort, the whole model is scaled down to 457 mm x 200 mm x 2400 mm long as a strip slab.

The total time for load application was 7 seconds (s). Four beams with a UHPC connection in
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the middle were simulated and named UC-I-H, UC-M-S, UC-1-H and UC-I-S where, UC
stands for UHPC connected beam, | and M represent interface and middle of the interface,
respectively as shown in Figure 1.17. H and S are for headed bars and straight bars which
represent the type of steel connection.

z'vAVAVW/\/\./\I\ﬁ. |
N 2VVVHVU ! .

Multification Factor of
Applied Displcement (mm)

6" Time (s)
Figure 1.16 Displacement-time history

The location of applied load is shown in Figure 1.17 (a) and (b)

(a)

Figure 1.17: Location of load application (a) at the interface (b) middle of interface and

UHPC connection

Load-deformation response
The load-deflection response of each beam is presented in Figures 1.18 (a), (b), (c) and (d),.

It can be shown from Fig. 1.18 that the beam having headed bars experiences more deflection
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than the beam reinforced with straight bars under the same cyclic load. The ultimate load
carrying capacity and deflection of the specimens in the tension cycle were mostly dependent
on the bond resistance and slip response of the spliced bars. For this reason, the shape of the
load-deflection response in the tension cycle for all specimens were intrinsically similar for
all cases. However, the beams with loading placed at the interface are stiffer than the beams
with mid span loading. Ultra-high-performance concrete has a discontinuous pore structure
that significantly enhancing stiffness as compared to conventional and high-performance
concretes which increases its resistance towards the applied load. The ultimate loads under
both tension and compression for all cases are summarized in Table 1.7. Table 1.7 also
confirms that for a specific steel type, the slab can withstand 14.45% to 16.29% more load
under compression and 2.4% to 30.38% more load under tension when load is applied in the

middle of the connection.

(a) UC-I-S 5 (b)  UC-M-S

250

Load (kN)

12
Displacement (mm)

-10

-10

5 10
Displacement (mm)

Figure 1.18: Load-deformation response (a) UC-I-S (b) UC-M-S (c) UC-I-H (d) UC-M-H

The failure envelope curve of the loading cycles for UC-I-S is shown in Figure 1.19. Three

straight lines were developed joining the four distinct points where stiffness changed
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significantly. The points were labelled as A-D (Kim and LaFave 2007) in both the
compression and tension sides. The first change in stiffness indicates the initiation of
cracking in concrete which was identified as point A and point B is associated with the initial
yielding of steel. The maximum capacity is designated as point C whereas, point D
corresponds to the final deformation at failure. The positive and negative values of
displacement for all four beams are listed in Table 1.7. The ratio between the final
deformation and the displacement after initial yielding was calculated to get the ductility
indices of these beams which is reported in Table 1.7 as well. It is evident from Table 1.7
that all cases with headed bars experienced 10.12%-30.70% more ductility than the straight
bar connections and for a specific type of connection, loading in the middle of interface has

higher ductility value which ranges from 24.62% to 71.63%.
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Figure 1.19: Envelope curve of loading cycles
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Table 1.7: Displacement and ductility ratio

Designatio  Positive Negative Positive  Negativ  Ultimate Ultimate
n Displacemen Displacemen Ductility e load under load
t (mm) t (mm) ratio Ductilit compressio  under
y Ratio n tension
(kN) (kN)
Ay Af Ay Af Af/ Ay Af/ Ay  Fe Ft
UC-I-S 230 974 155 827 4.23 5.33 231.18 203.91
UC-M-S 130 720 115 7.44 553 6.46 268.86 208.96
UC-I-H 130 944 110 8.05 7.26 7.31 255.67 193.42

UC-M-H 1.10

944 100 8.05 8.58 8.05 292.62 252.19

Axial strain response of reinforcing steel

Figure 1.20 represents the axial strain time history of steel reinforcements for the simulated

beams. For all cases, the steel started to yield at 125-165 kN after 3.5s of load application. It

is observed from Figure 1.20 that the straight and headed bars experienced 69% and 180.59

% more strain respectively when load is applied at the middle of interface and UHPC

connection. However, for a specific location of applied load, the straight bars undergo less
strain (10.67%-46.14%) than the headed bars.

Strain in steel (mm/mm)

-0.01

01
0.09
0.08 F
0.07 f
0.06
0.05 F
0.04 F
0.03 f
0.02 F
0.01 f

0

Time (s)

Figure 1.20: Axial Strain time history of steel reinforcement
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Failure of the specimens

Figures 1.21 (a) to (d) represent the damage patterns in concrete after low cyclic loading in
tension. The damage in normal concrete and UHPC connection at the interface loading
having headed and straight bars are shown in Figure 1.21 (a) and Figure 1.21 (b),
respectively. It is evident from Figure 1.21 (a) and Figure 1.21 (b) that the concrete
underneath the loading plate is completely damaged although the UHPC connection
experienced less damage. Figure 1.21 (c) and Figure 1.21 (d) illustrate the damage for
midspan loading for both straight and headed bars. For midspan loading, the UHPC
connection did not endure any damage. However, the normal concrete panels are almost fully

damaged.

(a)

Damage in UHPC

Damage in precast pangi

Figure 1.21: Concrete damage in tension (a) Loading at interface with headed bar (b)
Loading at interface with straight bar (c) Loading at the middle of interface and UHPC with
headed bar (d) Loading at the middle of interface and UHPC with straight bar
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Conclusions

This study presents a sensitivity analysis based on numerical simulations of the behavior of
UHPC bridge deck connections under monotonic and low cyclic loading. The software
package ABAQUS was used to perform all the simulations. Various key parameters were
investigated such as the concrete constitutive models for the normal concrete, steel stress
strain behavior, mesh size, contact properties and concrete dilation angles with the following

conclusions were drawn:

= The damage in concrete under monotonic loading is higher in normal concrete than

UHPC with no signs of de-bonding between the two materials.

= The FE model captured the damage pattern of the composite slab deck quite

satisfactorily.

= The numerical model is well capable of predicting the load displacement response though

it experiences higher stiffness initially.

= Changing the dilation angle from 20° to 40° results in an increase of 7.81% in ultimate
load for the panel with straight reinforcing bars, whereas for panel with headed bars, the

increase in the ultimate load was found 8.56 %.

= The panel with straight reinforcement bars higher dilation angle produced slightly higher
initial stiffness. In case of headed bar specimens, the stiffness of the composite panel for
a dilation angle of 40° was found 9.69% greater than the stiffness found for dilation angle
20°, whereas for the straight bar panel, 5.47% higher value of initial stiffness was found
for 40° dilation angle.

= The initial stiffness decreased 8% and 20% for panel with straight bars and panels with
headed bars, respectively which justifies that the bilinear model could predict the overall

panel performance closely to the experimental results.

= The energy absorption ratios of all the experimental results compared to the developed
FEM models were in the range of 89% to 110%, which indicates that the FEM models

are in good agreement with the experimental results.



31

Under low cyclic loading, the headed bar connection experienced higher ductility ranging
from10.12% to 30.70% in all loading condition which is crucial for ensuring safe structural

performance.

The connection can withstand 14.45% to 16.29% more load under compression and 2.4%

to 30.38% more load under tension when load is applied in the middle of the connection.

No damage was found on UHPC connection when load is applied between the interface

and UHPC connection due to its high resistance towards the applied load.

To predict the structural response more accurately, further experimental works should be

conducted.
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Chapter 2: Flexural Response of UHPC Bridge Deck Connections Made
with Idaho Local Materials

Abstract

In recent years, the use of Ultra-High-Performance Concrete (UHPC) as a bridge joints
closure material has increased significantly. Some state DOTs and Federal Highway
Administration (FHWA) have successfully implemented UHPC in bridge deck connections.
Despite of having excellent mechanical and material properties, Ultra-High-Performance
Fiber Reinforced Concrete (UHPFRC) is not widely used due to its high cost and lack of
widely accepted design guidelines. This study aims to develop a UHPC mixture using locally
and domestically available materials without heat curing in hopes for reducing the production
cost. Several trial mixtures of UHPC have been developed using locally available basalt and
domestically available steel fibers. Among them, one trial mixture of 20.35 ksi compressive
strength was selected for further study. Two full scale 8-ft. span hybrid bridge deck slabs
with UHPC closure pour were constructed and tested under monotonic loading to identify the
structural and material responses. The load- deflection response of the hybrid connection
confirms that the deflection increased linearly until the initiation of cracks; after that it
increased non-linearly up to the failure of the connection. The strain response also confirms
that UHPC experiences less strain than normal strength concrete under compression. In
addition, a moment-curvature analytical graphical user interface model of hybrid bridge deck
connection has been developed using MATLAB to predict ductility, curvature, and the stress
distributions in those connections. The predicted value of moment and curvature from the

code was found in good agreement with experimental data.
Keywords: UHPC, Local materials, flexural response, analytical model, moment-curvature.

Introduction

During the past four decades, researchers all over the world have conducted numerous
studies on high performance concrete which can significantly reduce construction time,
maintenance cost as well enhance durability and exhibit high toughness. State, regional and
municipal bridge engineers are always in search of new ways to build better bridges, reduce
travel time and reduce maintenance cost as, most often, they need to replace critical bridge

components within a limited time period or overnight road closure. In 1993, Richard et al.
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(1994) developed a high strength reactive powder concrete (compressive strength over 150
MPa) consisting high binder content, very low water/cement ratio, silica fume, fine quartz
powder, superplasticizer, and fibers. This incredible concrete exhibited very impressive
mechanical properties, ductility, and toughness and eventually termed as “Ultra-High-
Performance Concrete (UHPC)” by De Larrard and Sedran (1994) in the following year.
Although UHPC can produce very high compressive strength but the production of UHPC
often needs high curing temperature (90°C or above), vacuum mixing, and pressure before
and during setting which can result in low production efficiency and high energy absorption.
Therefore, additional research has been conducted on developing UHPC with conventional
mixing procedures, low cost materials, and common curing (Reda and Shrive, 1999;
Yunsheng et al. 2008). So far, UHPC has been used in Europe, North America, Australia,
Asia and New Zealand (Rebentrost & Wight, 2008; Schimidt & Fehling, 2005; Graybeal, B.
2008).

The U.S. Federal Highway Administration (FHWA) has been conducting research on the
utilization of UHPC for the highway infrastructure since 2001 and has been working with
state Departments of Transportation to implement this new technology for accelerated bridge
construction since 2002 (Graybeal, B. 2008).

Now a days, lots of efforts are being implemented to produce low cost UHPC by eliminating
expensive materials i.e. ground quartz, accelerator. Also curing conditions plays an
important role in achieving high compressive strength. It is reported in FHWA website that
heat curing can increase the compressive strength of UHPC by 53% with respect to untreated
specimens. But it is not always feasible to ensure heat curing in the field. This study aims to
develop a low cost UHPC using local materials without heat curing and evaluate the

performance of the developed UHPC mix in bridge connections.

In addition, a moment curvature analytical model of hybrid bridge deck connection has been
developed using MATLAB code. The goal is to provide a tool to professional engineers to
predict ductility, curvature, and the stress distributions in those connections. The code is built
to allow input parameters such as concrete strength, dimensions of hybrid connection and

deck panels, reinforcement configuration and shape of the connection. The code is verified
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for the full UHPC beam, and UHPC hybrid connection. Furthermore, the code is also verified
for normal strength reinforced concrete beam using the Whitney stress block for concrete
design along with an elastic-perfectly plastic steel behavior. Material nonlinearity for both
normal strength concrete and UHPC were considered in the code.

Theoretical Concepts of UHPC Production

UHPC is a fine-grained concrete with a very dense and homogeneous cement matrix which
prevents the development of microcracks within the structure. The fundamental concepts of
producing UHPC include reduction in porosity, improvement in microstructure, enhancement

in homogeneity, and increase in toughness.

Reduction in Porosity

Porosity plays an important role in predicting the strength of cement-based materials. Many
studies showed that the compressive strength of a mix can be achieved predicted from its
total porosity. Although pore size distribution, shape and position of pores influence the
strength development, it is quite difficult as well as impractical to include these parameters in
the compressive strength prediction. Very few relationships involving strength and porosity
of cement-based material have been reported so far (Li & Aubertin, 2004). Balshin (1949)
conducted research on the effect of porosity on tensile strength of ceramics and proposed the
following relation:

o=0,(1-P)° (2.1)

where o is the strength, oo iS the strength at zero porosity, P is the porosity, and b is an
empirical constant. The study conducted by Ryshkewitch (1953) on the compressive strength
of Al203 and ZrO- proposed the equation:

o=0,e kP (2.2)
where K is the empirical constant.

Based on the study of set sulfate plasters, Schiller (1971) proposed the relation:
o=nln> (2.3)
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where n is an empirical constant, and Po is the porosity at zero strength. Hasselman (1969)
conducted an extensive study on developing a linear relationship between strength and
porosity for different refractory materials and suggested the equation:

o =0y—cP (2.4)

where c is an empirical constant.

All these equations confirm that the strength is dependent on porosity and the low porosity
results in higher strength.

The porosity and the pore size distribution can be improved by using superplasticizer,
reactive admixtures and close packing raw materials. Low initial porosity can be achieved by
applying close packing models for the proportion of cement, silica fume, quartz powder,
superplasticizer etc. The use of superplasticizer can significantly reduce water-to-binder (w/b)
ratio for a given workability. Typical water-to-binder ratio (w/b) for UHPC ranges between
0.14 and 0.20 whether in conventional concrete it ranges from 0.4-0.5. For producing high
quality UHPC, it is important to select a superplasticizer efficiently to produce high quality
UHPC.

Improvement of Microstructure

UHPC is a very dense material and its uniform microstructure is achieved through close
packing of solid materials, facilitating hydration and pozzolanic reactions, and improving the
interfacial transition zone between aggregates and cementitious products. The internal
microstructure of UHPC is mainly comprised of un-hydrated cement clinker particles, quartz
sand, and hydration products, such as C-S—H. Low w/b ensure low porosity which eventually
decrease the space available for the growth of calcium hydroxide (CH) crystals. The
hydration of cement and the pozzolanic effects of mineral admixtures are accelerated by
using elevated temperature curing which consumes most of the CH crystals and converts
them to C-S—H .There are almost no pores observed in the nano-porous range with pore sizes
up to 100 nm, and no significant CH was detected by X-ray diffraction (XRD) (Reda and
Shrive, 1999). Ensuring homogenous microstructure is very important for the performance of
UHPC. Ultra-high-performance concrete virtually has no capillary pores and is almost

impervious to liquid and gases, ensuring zero corrosion. It can also serve as the wearing
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surface for bridge decks without any additional protection against chlorides, alkalis and de-

icing salts.

Enhancement in Homogeneity

Homogeneity of aggregates is ensured in UHPC by eliminating coarse aggregate and using
fine raw materials. In conventional concrete, coarse aggregates act like skeleton as they have
higher hardness than cement paste. Cracks in concrete are proportional to the size of the
aggregates. Therefore, the use of quartz sand instead of coarse aggregate can significantly
decrease the size of microcracks. Moreover, the reduction in aggregate size decreases the

inhomogeneity in concrete by reducing the probability of its own defect.

Increase in Toughness

Toughness of a material is a measure of its energy absorption capacity and characterized by

its ability to resist fracture. Incorporation of fibers in concrete can enhance its toughness and
control crack initiation and propagation. The presence of fibers in UHPC not only increases

its toughness but also increases its impact resistance. The most common types of fibers used
in UHPC are steel and carbon. UHPC specimens incorporating glass fibers and

polypropylene fibers showed lower strength than UHPC consisting steel fibers (Yang, 2008).

Development of UHPC with Local Materials
The material constituents of UHPC are not completely different from those of conventional
concrete. However, additional materials i.e. silica fume, silica powder, fine aggregate,
HRWRA, steel fibers are used to achieve high strength in UHPC. The proportion of the
material constituents in UHPC are determined based on optimization of granular mixture. In
North America, some companies produce the premix for UHPC. Among them, the patented
product of a major worldwide concrete manufacturer under the name Ductal is commonly used
(Graybeal, 2006). Willie et al. (2011) provided the following general recommendations for
producing UHPC commercially.

= Cement with a moderate fineness and C3A content significantly lower than 8 percent.

= Sand-to-cement ratio of 1.4 for a maximum grain size of 0.8 mm (0.03 inches).

= Silica fume with very low carbon content at 25 percent of the weight of cement.

= Glass powder with a median particle size of 67 x 10 inches (1.7 pm) at 25 percent of

the weight of cement.
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= High-range water-reducing admixture.
= Water-cement ratio of about 0.22.

= Steel fibers at 2.5 percent by volume.

It is observed from the mix proportions proposed by different researchers that for producing
UHPC, it is important to keep water-cement ratio very low. Due to low water-cement ratio,
some cement particles cannot participate in hydration process and remain un-hydrated. These
un-hydrated particles work as aggregates in the mix. The workability of the UHPC can be
improved by using HRWRA, thus ensuring self-compacting concrete to be produced. The
largest particle used in UHPC mixture is found to be sand having a diameter of 150
micrometers (um) to 600 micrometers (um). The second largest particle is the cement having
an average diameter of 15 um, whether crushed quartz has almost same average diameter of
10 pm. The size of the silica fume should be small enough to fill the interstitial voids to
ensure low porosity and low permeability. Generally, coarse aggregates are not used for
UHPC mix to ensure homogeneity. Though, Collepardi et al. (1997) reported that no
significant change occurred on the compressive strength of UHPC when small amount of
coarse sand was incorporated in the mixture. Some researchers have tried to use coarse
aggregates (such as crushing basalt, natural sand, and limestone) up to 12.7 mm as partially
replacement of fine sand. However, the porosity increased with the increase of particle size
resulting in a lower compressive strength as expected (Reda et al., 1999; Zhao et al., 2014;
Wille and Boisvert-Cotulio, 2015; Liu et al, 2016; Sobuz et al., 2016). Dimensionally, the
largest constituent of UHPC mix is the steel fiber. A volume of 2% is recommended by the
commercial manufacturer Ductal to produce economical and workable UHPC mixtures
(Graybeal, 2006; Richard and Cheyrezy, 1995). It is reported by Habel et al. (2008) that self-
compacting UHPC mix can be produced for precast application and Cast-in-Place
applications. Kazemi and Lubell (2012) further improved this mix design without requiring

heat curing and pressure.

The possibility of using metakaolin, pulverized fly ash, limestone micro filler, siliceous
micro filler, micronized phonolith, or rice husk ash as a replacement of silica fume was

investigated by Rougeau and Borys (2004). Coppola et al. reported that using acrylic
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polymer admixtures resulted in higher compressive strengths compared with naphthalene and

melamine admixtures.

To get the desired compressive strength, nine different mix designs are implemented and a

compressive strength of 20.35 ksi is achieved without heat curing.

Material Constituents

Portland cement Type I-11 with a specific gravity of 3.15 was used in this study for preparing
UHPC samples. The cement was generously donated by Premix Inc., Pullman, WA.
Commercially available densified powder silica fume “Sikacrete 950DP” was used as a
partial replacement of cement for improving the mechanical properties and durability of
UHPC.

Local natural sand was provided by Premix Inc and basalt was provided by Poe Asphalt
Paving Inc. The fine aggregate was washed to remove the clay/silt particles and then oven-
dried at 110°C (230°F) to achieve zero moisture content. The materials were sieved
according to ASTM C136 (2014). Table 2.1 presents the grain size distribution of the fine
sand and basalt from sieve analysis. The sample sieved materials are presented in Figure 2.1.
According to ASTM C128 (2015), the specific gravity and water absorption of the fine sand
were 2.60 and 2.6% respectively.

Table 2.1: Grain Size Distribution of Fine Aggregate

Fine Aggregate

Sieves Individual Cumulative

% Retained % passing

#30 0 100
#50 71 29
#100 22.7 6.3

#200 6.3 0
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Figure 2.1. Sample Sieved Materials

Steel fibers (NYCON-SF Type I, Figure 2.2) were added in the UHPC at 2 percent by volume
to increase durability and toughness. The physical properties of steel fiber are presented in
Table 2.2, which meets the requirements of ASTM A820 (2015).

Table 2.2: Physical properties of steel fiber

Steel fiber
Fiber Length, in. (mm) 0.5 (13)
Filament Diameter, in. (mm) 0.008 (0.2)
Specific Gravity 7.8
Aspect Ratio 65
Tensile strength, ksi (MPa) 400 (2,660)
Flexural strength, ksi (GPa) 29,000 (203)
Melting Point, °F (°C) 2760 (1516)
Color Copper
Water Absorption Nil
Alkali Resistance High

Corrosion Resistance

High




43

. sewer——— ——
Figure 2.2. Steel Fibers

Mix Designs

Nine trial mixtures of UHPC were carried out at the BEL concrete laboratory with varying
water-cementitious materials (w/cm) ratios, amounts of silica fume, cement, HRWRA, and
fine aggregates. A horizontal mixer of one (1) cubic feet capacity (Figure 2.3) was used to mix
the concrete. Primarily based on the flowability and the 28-day compressive strength, one
mixture proportion of UHPC (M9) was selected. The compressive strength of M9 was found
20.35 ksi at 28 days. The corresponding water to cementitious materials ratios (w/cm) of mix
design M9 was 0.21.

Figure 2.3. Horizontal Concrete Mixture

Generally, mixing time required for UHPC is relatively longer than that of conventional
concrete due to absence of coarse aggregate and low w/cm ratio. The mixing time also depends
on the power of the mixer (Russel and Graybeal, 2013). In this study, the whole mixing time
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of the horizontal mixer ranged 30-40 minutes and completed according to the following four
stages:
1. Dry constituents were mixed for 4-5 minutes.
2. Then 75% of the water was added and mixed for 6-7 minutes
3. Later, HRWRA was added with the remaining 25% of water and mixed for 8-10
minutes
4. Finally, steel fibers were added with the mixture, and the mixing was continued for 8-

10 minutes till thorough.

After completing the mixing, the fresh UHPC was poured into oiled steel molds according to
ASTM C192 (2016). UHPC was poured in three layers and manually vibrated with 25 blows
by tamping rod. After approximately 24 hours, specimens were demolded and placed for
curing. The curing of UHPC specimens was conducted in two phases: initial curing after
casting and standard curing prior to testing. All specimens in the molds were cured in a humid
room with temperature 73.5 + 3.5 °F (23.0 = 2.0 °C) from the time of casting to prevent the
moisture loss. After 24 £ 4 hours, all specimens were then demolded and soaked in lime-
saturated water until testing age. Table 3.3 represents all the mixture proportions.
Table 2.3: Mixture proportions of UHPC

Mixture Type Unit M1 M2 M3 M4 M5 M6 M7 M8 M9
Type Il Portland
Cement Io/yd® 1146 1500 1500 1500 1500 1500 1500 1500 1500
Silica Fume Ib/yd® 303 260 375 375 375 375 375 260 375
Glass Powder lofyd® 0 0 0 0 375 375 0
Fine Aggregate Sand lo/yd® 1641 1574 1355 1297 2070 1980

Basalt  Ib/yd® 1297 1574 1355
Steel Fibers lofyd® 0 236 240 267 O 225 267 236 240
HRWRA gallyd® 6.5 105 6.25 6 700 725 6 115 7.25
Water lo/yd® 309 325 394 413 330 398 413 325 394
w/cm 0.21 0.18 0.21 0.22 0.22 0.21 0.22 0.18 0.21

Spread Testing in. 70 9.00 875 8.00 7.75 8.25 825 8.75 8.0
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Flow Table Test

The flow table test for hydraulic cement mortar is widely used to evaluate its rheology,
as UHPC does not contain any coarse aggregate. After completing the mix, the flow test was
conducted following the procedures of ASTM C1437 (2015, Figure 2.4). After lifting the flow
mold away, the flow table was dropped 25 times in 15 seconds and the average diameter of

flow was measured.

Figure 2.4. Flow Table Test (M9)

Compressive Strength Test

The compressive strength tests were conducted in accordance to ASTM C109 “Standard Test
Method for Compressive Strength of Hydraulic Cement Mortars (Using 2 in. or [50-mm] Cube
Specimens)” (2016) (Figure 2.5). All the compressive tests were conducted under a specific
stress rate, 35 + 7 psi/s. Therefore, the required loading rate was calculated corresponding to
the size of the specimen, i.e., 8400 + 1680 Ibf/min, for 2-inch cubes (Figure 2.5). The
compressive strength was measured at 7 days, 14 days, and 28 days to study age-dependent
compressive behaviors. Three replicates were tested for all mix designs. A 28-day compressive
strength of 20.35 ksi was achieved from mixture M9. The averaged test data for the

compressive strength is shown in Table 2.4.
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Table 2.4: Compressive strength of UHPC

Specimen Age M1 M2 M3 M4 M5 M6 M7 M8 M9
7 7.85 853 8.85 5.6 7.1 9.3 75 954 9.96
2-inch cubes 14 9.78 10.26 10.86 8.8 95 115 91 1119 1291
28 1143 12.71 13.06 10.63 11.88 14.6 138 16.52 20.35

Considering the compressive strength, flowability as well as setting time, M9 was selected to

conduct the future experimental program.
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Figure 2.5. Cube Specimen

Figure 2.6 shows the stress-strain curve for M9 sample specimen. The ultimate
compressive stress was found 20.35 ksi (140.30 MPa) and the modulus of elasticity was found
nearly 8822.935 ksi (60.832 GPa). The graph indicates that the stress-strain response is almost

linear until failure and UHPC undergoes brittle failure.
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Figure 2.6. Stress-strain response of M9 mixture at 28 days

Flexural Response of UHPC Hybrid Bridge Deck Connection made with Local Material
The flexural behavior of a complete UHPC connected bridge deck is yet to be experimentally
investigated. To examine the flexural response of locally made UHPC, two-8-ft. span hybrid
bridge deck slabs with UHPC closure constructed in the department of civil engineering
laboratory and were tested under monotonic loading to identify the structural and material
responses. The members were designed to fit the roller supports and hydraulic actuator set up
located in the Department of Civil and Environmental Engineering Laboratory (Structures).
There are currently no ACI codes or design guides for testing UHPC connected bride deck

panels.

Reinforcement Details

From the literature review, the connection details developed by NYSDOT were used to
develop the test specimens. Each specimen consists of two conventional concrete precast
panels connected by a UHPC closure pour. Figure 2.7 presents the reinforcement details for
specimen. The connection reinforcement consisted of straight, lapped 16M (#5) mild-steel
reinforcement. The minimum lap length for the reinforcement in the connection was 150 mm
(5.9 inch). Two additional 16M (#5) bars were provided along the length of the connection
between the top and bottom layers. At the interface between the precast panel and the field-

cast UHPC, this reinforcement configuration resulted in a 180 mm (7.1 inch) spacing of the
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bottom mat of reinforcement. In the middle of the connection, the spacing between any two

adjacent non-contact lap spliced bars was 90 mm (3.5 inch).
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Figure 2.7. Reinforcement details

Construction of Specimens

The HSC deck panels were cast in the BEL structures laboratory using high strength concrete
provided by Pre-Mix Concrete Incorporated located in Pullman, Washington. Figure 2.8 shows
the Pre-Mix concrete truck in final mixing before pouring into the wheelbarrow. The
wheelbarrow was hauled to the BEL lab for pouring concrete into forms. Wooden formworks
were constructed according to the dimensions required for the specimens, with provision of
the desired concrete cover, 1 inch, on all sides of the panels using plastic seats. Figure 2.9
provides the structural details of the wooden forms as well as the locations of the

reinforcements throughout the panel.
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Figure 2.8. Pre-Mix Concrete Plant unloading HSC from their truck outside BEL
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Figure 2.9. Wooden forms before pouring concrete
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Material Properties

High Strength Concrete

The high-strength concrete was donated by the Pre-Mix Concrete plant, with a target strength
of 7 ksi. A total of 1.5 yard® of HSC was provided for this experiment. Five 4-inch diameter
by 8-inch height cylindrical samples and one 6-inch diameter by 12-inch height cylindrical
sample were taken from the batch to conduct 28-day compressive strength test and modulus of
elasticity tests according to ASTM standards. An average compressive strength of 6.7 ksi was
achieved at 28 days. Table 2.5 shows the material quantities batched by Pre-Mix for this
concrete mix. A water-to-cement ratio of 0.33 resulting in a 3-inch slump was achieved by this
mix. Air-entrained, Daravair, was used as well as a water reducing agent, Daracem was used
to maintain the strength while keeping the water-to-cement ratio low. To limit air voids, a
concrete vibrator was used while pouring concrete into the form work. Figure 2.10 shows
pouring concrete into wooden form works. The samples taken for 28-day compressive strength

tests are shown in Figure 2.11.

Table 2.5: Concrete Mix Design

Materials 1 yd® 1.5 yd®
Design Batched
Coarse — % " 1725 Ib 2560 Ib
Fine -Blend Sand 1450 Ib 2260 Ib
Cement (Type I-11) 846 Ib 1260 Ib
Daravair 3 0z 4.0 0z
Daracem 50 0z 75 0z

Water 33 gl 39.9 gl
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Py 2

Figure 2.11. Samples for 28-day compressive strength test

The forms were removed after 24 hours when the concrete was set. As the reinforcement was
extended from shear key face, removal of formwork from that side was difficult. Some forms
needed to be removed by saw. Figure 2.12 shows the removal of forms with a reciprocating

saw. All the precast panels were cured with water towels for 28 days.
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Figure 2.12 Removal of formworks

UHPC

Before starting concrete mixing, two precast panels were placed in formwork to ensure proper
dimension of the hybrid connection. Two #5 rebars were attached longitudinally between top
and bottom layers of the connection (Figure 2.13). For the two UHPC connections, a total of
10 cubic foot of UHPC was needed which include 500 Ibs. of sieved basalt fine particles.
Naturally available basalt is generally coarse in size. Tons of materials were sieved in the
laboratory using big sieve shaker to produce 500 Ibs. of #50 downgraded basalt particles,
(Figure 2.14) which was not only time consuming but also labor intensive. Figure 2.14 (b)
shows three 30-gallon buckets filled with sieved materials. All the required materials were
weighed and placed in the laboratory before starting the mixing procedure. The concrete was
mixed in two batches. The dry ingredients were poured first in the drum mixture and mixed
for 4-5 minutes. Then 75% of the water was added. After mixing for 6-7 minutes, HRWRA
was added with the remaining 25% of water and poured into the mixture. At last, steel fiber
was added, and mixing was continued for 8-10 minutes till thorough. Figure 2.15 shows deck
panels connected with UHPC pour. Table 2.6 shows the UHPC mix design.



Table 2.6: UHPC mix design

Materials 1yd® 10 ft®
Design Batched

Cement (Type I-11) 1500 Ib. 556 Ib
Silica Fume 375 Ib 140 Ib
Basalt 1355 Ib 500 Ib
Steel Fiber 240 Ib 88 Ib
Water 393 Ib 145 Ib
HRWRA

wi/c 0.21 0.21

Figure 2.13 Form work for UHPC connection



Figure 2.15 Deck Panels after UHPC pour
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Experimental Setup

The test setup available in the structural lab was utilized to simulate the loading and
boundary conditions that occurs in bridges. Load was applied vertically at three points on the
top surface of the test specimen by the actuator hanging from the top beam of a reaction
frame. The load cell in this hydraulic actuator has a maximum capacity of 50,000 pounds.
The test specimen was supported by fixed supports welded to the frame in both ends. The
welded supports allow for a minimum of 7-foot clear span between two ends. Each beam was
tested with a displacement-controlled loading rate of 1 mm/min. Figure 2.16 shows the

experimental setup. All specimens were loaded with the same geometric configurations.

Figure 2.16. Test Set up

Instrumentation

All the specimens were designed to capture the necessary testing information required for the
study. This information includes strains in concrete, steel and UHPC, mid-span displacement,
and applied load. The instrumentation was completed in two stages. The first stage involved

fixing the strain gauges to the reinforcement before placing concrete. The second stage was
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completed by fixing the external equipment to the loaded specimens, such as the Linear
Variable Differential Transformer (LVDT), as well as the concrete strain gauges placed

externally on the hardened concrete at mid-span.

Strain Gauges

Stage One: Fixing Reinforcement Strain Gauges in the bottom bar and connection

In this stage of instrumentation, Micro-Measurements™ strain gauges of 350 electrical
resistance capacity were attached to the mid-span of all bottom reinforcements used in the
deck panels. The surface of the steel bars was cleaned with baking soda and vinegar and
smoothed out to create a proper fixation surface for the strain gauge. They were glued to the
surface using epoxy and then left 24 hours to cure. Next, self-fusing tape was used to protect
the strain gauges from moisture and other potential distresses experienced from placing of
the concrete. Strain conditioners were attached to all gauges to magnify the millivolt output
of the gauge and the gauge factors were input into the data logger as specified by the
manufacturer. Two more strain gauges were attached to the top and bottom bar of the
longitudinal connection. Figure 2.17 shows the data logger used in the experiment.

Figure 2.17. Campbell Scientific CR6 series data logger
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Stage Two: Fixing of Concrete Strain Gauges and LVDT

In this stage, an LVDT, a 350-ohm strain gauge bridge to sense movable rod displacement,
and concrete strain gauges were installed. The LVDT was used to monitor deflection of the
specimen at the mid-span. The LVDT location can be seen in Figure 2.18.

Figure 2.18. LVDT for recording midspan deflection (Underneath the beam)

Test Results and Discussion

Figure 2.19 shows the load deformation response of both UHPC hybrid bridge deck
connections made with local materials. The deflection of the connection was measured with
LVDT installed in the midspan and plotted against the load in Figure 2.19. The deflection
increased linearly until the initiation of first crack, after that it increased non-linearly.

The initiation of cracks was indicated by micro cracks which were barely visible. As the test
continued, more cracks were added between the existing cracks. However, Figure 2.20 (a)
and (b) confirms that the cracks were not visually widened. The cracks were found to
propagate from the lower tensile side to the upper face of the beam.

The initial cracking load was found nearly 15 kip (66 kN). For BC-1, an ultimate value of
29.87 kip (132.87 kN) with a deflection of 0.31 in. (7.84 mm) was achieved. For BC-2, an
ultimate value of 29.20 kip (129.90 kN) with a deflection of 0.32 in. (8.14 mm) was achieved
which confirms that the locally made UHPC performed well as a closure material in flexural

resistance.
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Figure 2.19. Load -Deflection Response for UHPC hybrid bridge connection made with
Idaho local materials

Failure of the connection occurred due to propagation of tensile cracks at the bottom surface
of the connection. The cracks were found propagating perpendicular to the interface as
shown in Figure 2.20 (c) and (d). However, there was no indication of debonding between
the UHPC and HSC interface. The cracks in the HPC could be identified by eye, though the
cracks in the UHPC were not easily visible. Figure 2.20 (c) and (d) demonstrates that the

crack patterns exhibited by the two types concrete were completely different.

(a) (b)
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(c) (d)

Figure 2.20. (a) Crack pattern observed in flexure, BC-1 (b) Crack pattern observed in
flexure, BC-2 (c) Cracks at the bottom surface of the hybrid connection, BC-1 (d) Cracks at

the bottom surface of the hybrid connection, BC-2

Figure 2.21 (a) and (b) show the strain response measured by strain gauges at different layers
of HSC and UHPC for BC-1 and BC-2 respectively.!Five strain gauges were installed in the
HSC surface from top fiber to bottom fiber. These strain gauges were named as layer 1 to layer
5. The negative strains correspond to compressive strains while positive strains represent
tensile strains. In general, as the load was increased, compressive strains were developed in
layers 1 and 2 and tensile strains were developed in layers 4 and 5. Layer 3 was positioned at
the mid-height at the neutral axis. The strain in layer 3 changed from zero to positive value as
the neutral axis shifted upward due crack propagation (Figure 2.21 a). In both cases, UHPC
experienced less strain which is obvious as UHPC is stiffer than HSC. A maximum tensile
strain of 0.00236 was experienced by UHPC while the maximum compressive strain was found
0.001086 for BC-1. Both compressive and tensile strain followed a linear pattern until it

reached the peak. From Figure 2.21 it is evident that no rebar yielded during the test procedure.
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Figure 2.21. (a) BC-1 (b) BC-2

Development of Moment-Curvature Relationship

In order to analyze the flexural response a reinforced concrete member up to the failure load,
it is necessary to develop a realistic relationship between moment and curvature. There is no
such relationship developed for UHPC hybrid connected bridge deck panels so far to the best
of author’s knowledge and that is due to its complex geometry. It is not always feasible to
conduct large-scale experiments in the laboratory due to high cost and lack of expertise. In
this section, an analytical model is developed to predict the moment-curvature relationship of
hybrid bridge deck connections which is versatile regardless of its shape and length. It uses a
theoretical stress—strain constitutive model, as developed by Hsu and Hsu (1994) for normal
strength concrete. Due to unavailability of theoretical stress-strain equation for ultra-high-
performance concrete, a modified equation proposed by Wu et. al (2016) was implemented
though the equation was prescribed for UHPC with hybrid fibers. It is observed from the
analytical investigation that UHPC connected bridge deck panels can resist higher moment

than NSC connected bridge deck panels for same curvature.

Analytical Investigation

The moment capacity of concrete hybrid specimens was analyzed using an
analytical/mechanistic model based on cross section materials and cross-section properties.
The analysis used the internal stresses based on the sectional stress-strain distribution to

predict internal forces. Failure moment was calculated from the internal forces at equilibrium
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of the whole member at that particular cross section. A bilinear stress-strain curve was used
for modelling the steel reinforcing bars and UHPC in tension (i.e. elastic, perfectly plastic) as
shown in Figure 2.22. The equations (2.5) to (2.6) of previous chapter were used for
calculating the compressive stress in NSC. The model proposed by Wu et al. was used to
calculate the compressive force of UHPC. The model assumes that the uniaxial stress-strain
response follows the Carreira and Chu (1985) model in the ascending portion which is as

follow:

A(E)
f= (—) fo (2.5)
p-1+(%)’

€0

B = W (2.6)

£0Eg

For predicting the response of descending portion, Wu et al. proposed the following

modifications in the above equations

k()
f= (ﬁ)fo (2.7)
klﬁ—l-l-(g)
ki =—4.2143 + 7.6911x — 3.5819x2% + 0.6827x3 — 0.0574x* + 0.0018x° (2.8)
k, = 0.3226 + 14.9 V, + 1980 (V, — 0.01) * (V; — 0.01) 2.9)

Where, ki = parameter related to compression toughness index; x = compression toughness
index; k> = parameter that depends on hybrid fiber content; V| = long fiber content; and Vs =

short fiber content

The strain profile along the height of the connection is obtained from the following

equations, based on the assumption that the planar section remains planar (Figure 2.22)



62

gy = X0 (2.10)
g.X(h,—c
Eyr = # (2.11)

where, &, &s, eut, he, and d denote the strain in the extreme fiber of both NSC, and UHPC,;

strain in rebar; strain in the UHPC in tension; height of the slab, and effective depth of rebar.

Compressive force in normal strength concrete,

£
: A (5)
C.= 2 XZAC @ —7 | ocu (2.12)
i=0 p—1+ (é)
. ) _on klﬁ(z—g)
Compressive force in UHPC, G, = Yo Ay ) X | —— 775 | fo (2.13)
klﬁ—1+(z—g)

Tensile force of reinforcement bar, T, = n X Ag X f, (2.14)
Tensile force in UHPC, T,;; = 0.5 X fir X X0 Aue1 i) Tuz = fut X Di=oAuez @y (2.15)
Moment capacity, M = C. Xy, + Cy, Xy, + Ts X (d —¢) + Tyy X V1 + Ty X v (2.16)

where y., v, ¥¢1, and y, are the distance from the neutral axis to the centroid of the

respective area calculated using the flowing expression

YicoAwm X Y
i=0 4w

y= (2.17)
A MATLAB program was developed to execute the procedures as shown below. The
program uses an iterative approach based on numerical integration. The steps are as follows

1. Select the input parameters hc, be, by, ocu,, fo, As, d and fy, Select concrete compressive
strain for both normal strength concrete and UHPC in the extreme compression fiber and
assume neutral axis depth (see strain diagram in Figure 2.23).

2. The steel tensile strains are determined by similar triangles of the strain diagram (Figure
2.23). Steel tensile stresses are then determined from the stress—strain relationships of the

steel rebars.
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3. The tensile forces in the steel rebars are determined from the steel stress and the area of

steel.

4. For the selected strain and neutral axis depth, determine concrete compressive stress for

both normal strength concrete and UHPC from equations. (2.5) and (2.13).

5. The UHPC tensile force is determined by multiplying the tension area of the concrete’s
cross-section by the stress calculated from the diagram. The centroid of the tension area
represents the location of the concrete’s tensile force. Both, the area and its centroid were

found using numerical integration.

6. The concrete compressive force is determined by multiplying the compression area of the
concrete’s cross-section by the stress calculated from the equations (2.5-2.8; 2.13-2.17). The
centroid of the compression area represents the location of the concrete’s compressive force.

Both, the area and its centroid were found using numerical integration.

7. If the compressive and tensile forces are not equal, the neutral axis depth is adjusted and
steps 2—6 are repeated. It should be noted that the calculations are lengthy and hence, the
iterative approach may be used.

8. After finding the neutral axis depth that satisfies force equilibrium, the internal forces and
neutral axis depth are used to determine the moment (M) and curvature (¢) corresponding to
the selected strain (step 1). The moment (M) is the sum of the moments of the compressive
and tensile forces about the neutral axis, and the curvature is calculated by dividing the

selected strain value by its corresponding neutral axis depth (c).

9. Repeat steps 1-8 for a range of concrete compressive strain and plot the entire stress—strain
and moment—curvature curves. The entire procedure is shown in Figure 2.23 as a flow

diagram.
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Figure 2.22. Cross section, Strain, and Stress Diagram of the connection
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Figure 2.23. Flow diagram of the numerical process

Validation of Analytical Model

Thus far, no experimental program has been conducted to examine the moment curvature
behavior of the hybrid connections made with UHPC. At first, to verify the developed code,
moment curvature relationship is calculated assuming the whole connection as normal
strength concrete. Whitney stress block of normal strength concrete is used for calculation
and compared with the values obtained from the analytical model. Figure 2.24 shows the

section and material properties used in calculating the cracking moment, yield point and



ultimate moment. It is observed from Figure 2.25 that there is no significance difference

between the values obtained from the analytical model and Whitney stress block.
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Figure 2.24. Whitney stress block for calculating moment-curvature relationship
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Figure 2.25. Moment-Curvature diagram for a specific cross section

The analytical model is then verified with the experimental program conducted in the

laboratory. Figure 2.25 shows that the analytical model is capable of predicting the ultimate

66
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moment quite satisfactorily though the initial stiffness is found less in experimental program.
As the connection loaded twice before the final test, there might be some micro cracks which
decreased the initial stiffness. It is observed from Figure 2.25 that the moment capacity
increases significantly if the connection is constructed with UHPC. However, it becomes less
ductile than normal strength concrete due to brittle behavior of UHPC. The analytical model
is in good agreement with the conventional approach. There is a good potentiality of using

this model to develop a design chart to predict the moment capacity for the design engineers.
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Figure 2.26. Comparison between analytical and experimental load-deflection response (BC-
1)

Figure 2.26 shows the comparison between the load-deflection response of experimental
program (BC-1) and the predicted one. The predicted ultimate load is found 147.36 kN which
is little bit higher than the experimental value (132.88 kN). Though the analytical model is
capable of tracing the load-deflection response quite satisfactorily, but the initial stiffness is

slightly overestimated by the analytical model which is obvious.

Graphical User Interface (GUI) for Parametric Study
To understand the effect of different parameters such as concrete strength, connection width
and type, precast panel width, reinforcement details, a program with a graphical user

interface is generated using MATLAB. The program and the GUI consist 500 lines of code.
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This interface will provide design engineers the ability to input certain values for the
parameters and observe the moment — curvature relationship which will provide an idea
about the flexural response of a hybrid connection. This graphical interface will not only save
money but also it will reduce the labor cost, and time to perform experimental testing. Figure
2.27 shows the GUI for predicting moment-curvature relationship. Figure 2.28 shows the

GUI after plotting the graph.
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Figure 2.27: Graphical User Interface (after initialization)
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Figure 2.28: Graphical User Interface (after plotting)

Conclusions

In this study, the authors developed UHPC mixes using ldaho materials. Nine mix designs

were developed using locally available materials. Among them one mix design having

compressive strength of 20.35 ksi was selected for further performance evaluation. The

performance of locally developed UHPC was evaluated by constructing two 8ft span hybrid

connections between two precast panels with local UHPC closure pour which was tested
under static loading until failure. The test results confirm better flexural performance of

UHPC closure than HSC against flexure. An analytical method was developed and

implemented using MATLAB code to predict the moment-curvature relationship. In addition,

a graphical user interface was developed to perform the parametric study. Based on the

performance evaluation the following conclusions can be drawn.
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= Locally available basalt, cement, admixture and domestically available steel can
produce UHPC without heat curing.

=  UHPC of 20.35 ksi compressive strength can be produced without using expensive
materials, such as quartz powder and imported fibers.

= The hybrid connection produced with local UHPC showed good flexural resistance.

= The cracking pattern revealed that the hybrid connection failed due to tensile
cracking in NSC panels and UHPC connection.

= The analytical model is capable of predicting the moment-curvature response of
UHPC hybrid connection, normal strength concrete and full UHPC beam as well.

= The Graphical User Interface app will provide the design engineers a tool for
predicting the moment-curvature relationship of hybrid bridge deck connections
which is versatile regardless of its shape and length.
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Chapter 3: Numerical Study on the Low-Velocity Impact Response of

Ultra-High-Performance Fiber Reinforced Concrete Beams

“Numerical study on the low-velocity impact response of ultra-high-performance fiber
reinforced beams” published in Structures, August 2019, Volume 20, Pages 570-580

Abstract

The material and structural behaviors of Ultra High-Performance Fiber-Reinforced Concrete
(UHP-FRC) under a high strain rate loading are different than a quasi-static loading
condition. UHP-FRC has a very high compressive strength compared to conventional
concrete; However, the failure strain of UHP-FRC is not enough to withstand large plastic
deformations under high stain rate loading such as impact and blast loading. Due to the high
cost of large-scale experimental research of structural elements under impact loading,
modeling of UHP-FRC girders using computer aided program has become a need. Hence,
this study aims to develop a finite element model of UHP-FRC to simulate low-velocity
impact phenomena. The responses obtained from the numerical study are in good agreement
with the experimental results for impact loads. Five different types of UHP-FRC beams were
simulated under impact loading to observe the global and local material response. The key
parameters investigated were the reinforcement ratio (p), impact load under various drop
heights (h), and the failure phenomena. It was observed that higher reinforcement ratio
showed better deflection recovery under the proposed impact. Also, for a specific
reinforcement ratio, the maximum deflection increases approximately 15% when drop height
decreases from 100 mm to 25 mm. Moreover, the applicability of concrete damage plasticity
model for impact loading is investigated. The results also provide recommendations for

predicting the location of the local damage in UHPFRC beams under impact loading.

Keywords: Nonlinear impact analysis, Ultra-High-Performance Concrete (UHPC),
Reinforcement ratio, Sensitivity analysis, and Accelerated construction.

Introduction

Impact loading is an extremely severe loading condition characterised by a force of great
intensity within a very short duration. The behavior of a structural component under impact

loading includes two response phases, a local response due to stress waves generated within



75

short duration of impact followed by a free vibration effect due to elastic-plastic deformation
over an extended period after impact. The overall response depends predominantly on the
loading rate and the dynamic behavior of the structural component (Fujikake et al. 2010). So
far, significant efforts have been provided in developing innovative ways to increase the
long-term structural performance and currently, the use of Ultra High-Performance Concrete
(UHPC) has drawn the attention for its superior properties such as early high strength gain,
extreme durability, low permeability and long-term stability. The term UHPC refers to a
class of advanced cementitious composite materials where innovative technology of cement
and concrete industry blends together (Graybeal 2006). Therefore, UHPC is considered a
promising material for innovative structures subjected to severe loading conditions such as

impact, shock, and explosive loadings (Fujikake et al. 2006).

Despite of having excellent mechanical and material properties, the use of UHP-FRC is not
widespread due to lack of widely accepted design guidelines or a UHP-FRC constitutive law.
Some experimental programs have been conducted recently focusing on material
characterization (Graybeal 2006), flexural and shear tests of I-girder (Graybeal 2008; Yuan
and Graybeal 2011), prototype pi-girders and second-generation pi-girders (Graybeal 2009).
Studies showed that UHP-FRC girders had higher flexural capacities than conventional
girders. A composite deck system was proposed by Shao et al. (2013) consisting an
orthotropic steel deck stiffened with reactive powder concrete layer. Due to high compressive
and tensile strength, UHP-FRC are now being considered for structural rehabilitation. A
finite element analysis was conducted by Safdar et al. (2016) to investigate the flexural
behavior of reinforced concrete beams strengthened with UHP-FRC. It was observed that the
flexural strength of the retrofitted beams increased with the increase of UHP-FRC layer

thickness.

Moreover, the stiffness was improved, and the formation of the cracks were delayed
significantly. However, most of the research has been focused on the static performance of
the UHP-FRC structural elements. Unfortunately, current understanding of the impact and
blast resistances of Ultra High Performance Fiber Reinforced Concrete (UHP-FRC) beams
under high strain rates is very limited (Fujikake et al. 2006, 2010). Ngo et al. (2007) reported
that UHP-FRC is less sensitive to strain rate than normal strength concrete (NSC) and high
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strength concrete (HSC). Aoude et al. (2015) demonstrated that UHP-FRC is also capable of
improving blast resistance capacity by reducing maximum and residual deflection. In
addition, Li et al. (2015) found the positive effect of using UHP-FRC materials in
construction of blast protective structures.

Although conducting experimental tests for investigating the impact performances of UHP-
FRC structures is straightforward, tests are expensive and time consuming. For these reasons,
developing a dependable 3D finite element impact model has become a necessity. Numerical
modeling of UHP-FRC has been always challenging due to non-availability of post-peak
behavior of UHP-FRC which may have a significant effect on the prediction of the damage
parameters (Chen and Graybeal 2011). The main objective of this study is to develop a finite
element model that can be applied for a variety of UHP-FRC beams subjected to low velocity
impact loading. The applicability of concrete-damage plasticity model for low-velocity
impact loading is also investigated. Moreover, a parametric study has been conducted to
observe the influence of reinforcement ratio and drop height of impact load on the structural
response of UHP-FRC beams under low velocity impact loading.

Experimental Program

To validate the finite element model, two full-scale experimentally tested UHPFRC beams
(UH-N and UH-S-0.53%) were selected from the study “Response of ultra-high-performance
fiber-reinforced concrete beams with continuous steel reinforcement subjected to low-
velocity impact loading” by Yoo et al. (2015). UH-N represents the UHP-FRC beam with no
reinforcement bar and UH-S-0.53% stands for UHP-FRC beam with 0.53% reinforcement
ratio. In the experimental program, a 270-kg rigid hammer with a striking face of 20 mm
thick and 40 x 210 mm sized rectangular surface was dropped from a constant height of 1600
mm. The length of each beam was 2900 mm with a clear span of 2500 mm. Each beam
consisted of a rectangular section cross section of 200 mm width and 270 mm height. The
kinetic energy and the impact velocity were reported as 4233.6 J and 5.6 m/s, respectively.
Figure 3.1 (a), (b) and (c) show more details of the experimental program. Table 3.1
represents the mix proportions of UHPFRC used in the test program. The value of the elastic
modulus, compressive strength, and tensile strength of UHPFRC used in this experiment
were 44 GPa, 9.2 MPa and 152.5 MPa respectively.
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Figure 3.1: (a) Experimental Program (b) cross section details of UH-N (c) UH-S-0.53%
(Yoo et al. 2015)

Table 3.1: Mix Proportions of UHPFRC (Yoo et al. 2015)

Relative weight ratios to cement Steel Flow
Fiber (mm)
Vi, %)
Cement Water Silica Sand  Silica flour  Superplasticizer
fume
1.00 0.25 0.25 1.10  0.30 0.016 2% 230

Finite Element Modeling

The numerical simulations were conducted using the ABAQUS program, which is a general
FE analysis software for modeling the nonlinear mechanics of structures, fluids, and their
interactions. For solving problems associated with large deformation and multiloading
environments; ABAQUS offers both implicit and explicit numerical methods. The
ABAQUS/explicit method was used for simulating the FE models as it can effectively handle

severely nonlinear behavior.
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Material Constitutive Models

Concrete damage plasticity model for low-velocity impact modeling

Various concrete models are available in the software material library to model the normal
and high strength concrete in ABAQUS. However, there is a lack of enough data for
developing constitutive model for UHP-FRC under various confining pressure. It is reported
that the compressive strength and deformation capacity of UHP-FRC are enhanced by lateral
confinement (Curbach and Speck 2008; Wang et al. 2016). Also, the multiaxial strength of
UHP-FRC can be related to uniaxial strength (Curbach and Speck 2008; Fehling et al. 2008).
Griinberg et al. (2008) reported that at low confinement stress with increasing hydrostatic
pressure, the yield surface on the deviatoric planes changes from triangular shape to nearly
circular shape. Moreover, it is also observed that the uniaxial compressive to tensile strength
ratio of UHP-FRC is almost similar to NSC (Williams et al. 2009). Based on these limited
researches, it can be concluded that UHP-FRC can be modelled under a three-dimensional

state of stress using combined damage-plasticity models or classical plasticity-based models.

A concrete damage plasticity model (CDP) model was first introduced by Lubiner et al.
(1989) for monotonic loading and then modified by Lee and Fenves (1998) for cyclic and
dynamic loadings. The CDP model can incorporate separate inputs for stress-strain
relationship, damage parameters and strain rate in tension and compression. Moreover, CDP
model is capable of representing different concrete mixes using some adjustable input
parameters which can be obtained experimentally. For NSC and HSC, these parameters are
well defined. Nasrin and Ibrahim (2018) reported that CDP model can predict the behavior of
UHP-FRC satisfactorily under static loading. However, the performance of CDP model in

predicting UHP-FRC under low velocity impact is not evaluated yet.

The yield surface of the CDP model is noncircular in shape for allowing different yield
triaxial tension and compression stresses. The shape factor K¢ which is the ratio of second
stress invariant for tension and compression at same hydrostatic stress governs the shape of
yield surface. Figure 3.2 (a) represents the yield surface in the deviatoric plane corresponding
to different K¢ values. For NSC, the default value of K¢ is 2/3. However, the value of K
should be in the range of 0.5 to 1.0 to ensure convexity of the surface. Another important

parameter is the ratio of biaxial to uniaxial compression stress to describe the material state
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when it undergoes biaxial compression. Though the default value of stress ratio (ono/ oco ) in
ABAQUS is 1.16 for NSC, studies showed that for UHP-FRC, this value is lower than the
NSC value (Curbach and Speck 2008; Wang et al. 2016).

q‘l

| Eccentricity = 0.1, Default
/ . .
/ Dilation angle (¥) =25.40°
K¢ =2/3, Default » P
K. =1, Drucker-Prager &5

(a) (b)

Figure 3.2: (a) The yield surface in the deviatoric plane for different K¢ values (b) yield

surface in meridian plane.

In CDP model, dilation angle (%) and the flow potential eccentricity (¢) define the potential
plastic flow of concrete under three-dimensional stress state. Figure 3.2 (b) shows a
geometrical representation of ¥ and ¢. The dilation angle represents the change of volumetric
strain under plastic deformation whereas, the flow potential eccentricity (¢) represents the
rate of flow function approaching the asymptote. The value of dilation angle ranges from 25°

to 40° for NSC, although no research has been conducted yet to identify the dilation angle of
UHP-FRC.

UHP-FRC constitutive model

The input parameters of UHP-FRC such as stress-strain response, elastic modulus, Poisson’s

ratio etc. are collected from the experimental program (Yoo et al. 2015). Figure 3.3 (a) and
(b) show the compressive and tensile stress-strain relationship of the UHP-FRC used in this

study.
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Figure 3.3: (a) Compressive behavior of UHPFRC (Yoo et al. 2015) (b) Tensile behavior of
UHPFRC (Al-Osta et al. 2017)

CDP model is used for defining the non-linear behavior of compressive and tensile stresses.
Hardening data are provided in terms of an inelastic strain, £* .The compressive inelastic

strain can be calculated by Equation 3.1,

N =g — gfl (3.1)

where £t = Z&  elastic strain corresponding to undamaged material as shown in Figure 3.4
0c E,
0

(a). Unloading data are provided in terms of damage curves, d. — §2*. ABAQUS converts

the inelastic strain to plastic strain using following relationship

P _ gin__ Gc  Oc

& T & mE—O (3.2)

Post failure behavior of concrete in tension is provided by cracking strain, £6*. The cracking

strain can be calculated from Equation 3.3.

gk =g, — gL (3.3)
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where egg = % , elastic strain corresponding to undamaged material as shown in Figure 3.4
0

(b). tension stiffening data are provided in terms of damage curves, d, — £, ABAQUS

converts the cracking strain to plastic strain using following relationship
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Figure 3.4: (a) Concrete compressive hardening (b) Concrete tension stiffening (ABAQUS
Analysis User’s Manual, 6.10).

The damage parameters in compression, dc and tension, dtare determined from the following

equations proposed by Birtel and Mark (2006).

o E;"
11 _
E? (b_c - 1) + fCEc 1

where

d.=1-

(3.5)

d. = Concrete compression damage parameter
f. = Compressive Stress

E. = Modulus of elasticity of concrete

eP! = Plastic strain corresponding to compressive strength

b. = Constant ranges 0 <b.< 1
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o, E-1
d,=1- l (3.6)

et (blt - 1) + fLE;1

where

d; = Concrete tension damage parameter
fi = Tensile Stress

E. = Modulus of elasticity of concrete

P ! = Plastic strain corresponding to tensile strength

b; = Constant ranges 0 <b;< 1

Initially, the value of dilation angle (), plastic flow potential eccentricity (¢), the ratio of
biaxial to uniaxial compressive strengths (oho/cco), and the shape factor (Kc) are set to 15°,
0.1, 1.16 and 0.67, respectively according to the study conducted by Chen and Graybeal
(2011). For predicting the behavior of UHP-FRC, those parameters are modified based on a
sensitivity analyses which will be discussed in the following section. Table 3.2 shows the
input parameters used in the damage model.

Table 3.2: Ultra-High-Performance Concrete parameters used in the plastic damage model

Compressive  Tensile =~ Mass Young’s  Poisson’s  Dilation Eccentricity Jroffeo Delbr
Strength Strengt  Density Modulus  Ratio Angle w €
(MPa) h (ton/mm?®) (MPa) (Degrees)
(MPa)
152 7 2.565E- 44000 0.18 15 0.1 1.16 0.67
009

Steel-reinforcement constitutive model

Reinforcing steel has been modeled using a 2-noded linear 3-D truss element (T3D2).
Bilinear stress-strain curve is adopted for the simulation. The other parameters used to define

the behavior of reinforcing steel are shown in Table 3.3.
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Table 3.3: Parameters of reinforcing steel

Type Poisson's Elastic = Mass Yield
ratio Modulus Density(ton/mm?) Stress
(MPa) (MPa)

Steel 0.3 200,000 7.85E-009 522.7

Mesh configuration, Load and boundary condition

After performing a mesh sensitivity analysis, a 10 mm mesh size was selected for simulating
the beam which can predict the experimental results quite satisfactorily in a reduced
computational time. However, a coarser mesh of 20-mm is adopted for the hammer load as
hammer is not point of interest. A single impact load was modeled to apply impact at the
mid-span by dropping a free-falling weight of 270 kg, and the striking face consisted of a 20-
mm thick and 40 x 210 mm sized rectangular steel plate with a flat contact surface in
accordance with the experimental setup. Fixed support conditions are applied to the top and
bottom plate at both ends. The assigned impact velocity is 5.6 m/s, which is similar to the
experimental testing. The loading conditions and mesh configuration are presented in Figure
3.5 and Figure 3.6.

g

Figure 3.5: Load and Boundary condition
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Figure 3.6: Mesh Configuration

Sensitivity Analysis

As mentioned before, the input parameters are initially taken from the study conducted by
Chen and Graybeal (2011). The parameters with high uncertainty i.e. uniaxial tensile strength
and CDP parameters were estimated from literature. The numerical results were matched
with the experimental results to finalize the value of each parameter. Due to the lack of
experimental data for defining the behavior of UHP-FRC under impact loading, sensitivity
analyses were performed to observe the influence of each parameter on the overall beam
performance. Each parameter is varied over a large range of possible values to observe the

effect.

Effect of Dilation Angle

Dilation angle indicates the angle of inclination of the failure surface of concrete towards the
hydrostatic surface. It is measured in the meridional plane. Dilation angle characterizes the
performance of concrete under compound stress and interpreted as the internal friction angle
of concrete (Kmiecik and Kaminski 2012). Figure 3.7 (a) and (b) show the effect of dilation
angle on the midspan deflection. The angle of dilatancy of concrete was varied from 10° to
20°. Numerical results for both beams showed that the higher dilation angle results in lower
midspan deflection and dilation angle of 20° fits well with the experimental results. The
amount of dilation depends on the microstructure of the materials. As, UHPC is very dense
material it has lower dilation angle than the conventional concrete. The midspan deflection
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decreases 19.4 % and 20.62 % for UH-N and UH-S-0.53% respectively when dilation angle

changes from 10° to 20°.
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Figure 3.7: Effect of dilation angle on midspan deflection (a) UH-N (b) UH-S-0.53%

Effect of Shape Factor

The shape factor (Kc) is a ratio of the distance between hydrostatic axis and compressive
meridian to the distance between hydrostatic axis and tension meridian in the deviatoric
cross-section. According to the classic Drucker—Prager strength hypothesis, the deviatoric
cross section of the failure surface becomes a circle when K¢ is 1. This ratio is always higher
than 0.5 and the CDP model recommends a value of 2/3. Figure 3.8 (a) and (b) show the
effect of different shape factors on the midspan deflection. Numerical results for both beams
showed that there is no significant effect of shape factor on midspan deflection and K¢ = 2/3
fits well with the experimental results. However, K¢ = 0.5 showed lower values of mid-span

and residual deflection in both cases.
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Effect of Stress Ratio (6w’ 6c0)

The stress ratio (ono/ aco) indicates the point in which the concrete undergoes failure under

biaxial compression. Two different value of stress ratio (1.10 and 1.16) were assumed and

Figure 3.9 (a) and (b) confirm that the stress ratio does not have any impact on numerical

results. However, ono/ oco = 1.10 is selected for further numerical study as reported by

Curbach and Speck (2008) for UHPC.
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Figure 3.9: Effect of shape factor on midspan deflection (a) UH-N (b) UH-S-0.53%

Table 3.4 summarizes the maximum and residual deflection found for all UHP-FRC beams

under impact loading. After considering all the results, a dilation angle of 20°, stress factor of

1.10 and shape factor of 0.67 were selected for further study.
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Table 3.4: Sensitivity Analysis results

UH-N UH-S-0.53%
amax 6R€5 Smax 6RES
(EXP.) Sres  (EXPY | Omax (EXP)  Sres  Ores  (EXP.

Sensitiv. Varia Smax Smax /dmax ORes (FE ORes (Exp. Smax /Brmax (Exp. (FE )/BRes
ity Test  bles | (Exp.) (FEM) (FEM) (Exp.) M) (FEM) ) (FEM)  (FEM) ) M)  (FEM)
Dilation 10 19.8 23.49 0.84 8.98 9.64 0.93 16.65 21.7 0.77 6.96 8.23 0.85
angle 15 19.8 21.85 0.91 8.98 8.15 1.10 16.65  20.47 0.81 6.96  7.96 0.87

20 19.8 19.67 1.01 8.98 7.63 1.18 16.65 16.98 0.98 696 654 1.06
Shape 0.5 19.8 18.56 1.07 8.98 7.05 1.27 16.65 1597 1.04 696 6.33 1.10
Factor 0.67 19.8 19.67 1.01 8.98 7.63 1.18 16.65 16.98 0.98 6.96 654 1.06

0.75 19.8 20.11 0.98 8.98 7.7 117 16.65 17.35 0.96 6.96 6.62 1.05

Stress 1.16 19.8 19.67 1.01 8.98 7.63 1.18 16.65 16.98 0.98 6.96 6.54 1.06
Ratio

1.10 19.8 19.67 1.01 8.98 7.63 1.18 16.65 16.98 0.98 6.96 6.54 1.06

Validation of Finite Element Modeling

Figures 3.10 and 3.11 show a comparison between the experimental results and finite
element model to validate of FEM in predicting the maximum deflection, residual deflection
and overall behavior of UHPFRC beams. It is evident from Figure 3.10 that the numerical
model is capable of predicting the overall structural response. All test specimens exhibited a
similar shape of the deflection—time history curves. The forced response shows a half sine
wave followed by the residual deflection during the free vibration phase (after the removal of
the drop weight effect). Both maximum deflection and residual deflection decrease with the
addition of reinforcement. The experimental ratio of maximum deflection to residual
deflection for UH-N and UH-S-0.53% are found to be 2.20 and 2.39, respectively which are
very close to the FEM (2.57 and 2.59, respectively). Figure 3.11 also confirms that FEM is in
a good agreement with test results. The results from the experimental program and FEM are

summarized in Table 3.5.
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Table 3.5: Summary of the test and FEM results

Beam Reinforceme Maximum Deflection Residual Deflection (mm) Max./Res.
Designation nt (mm)
Ratio (p)
Experime FEM %  Experime FE % Experime FE
nt erro nt M error nt M
r
UH-N 0 19.80 19.67 0.66 8.98 763 15 2.20 2.58
UH-S- 0.53% 16.65 16.98 1.98 6.96 6.54 6 2.39 2.59
0.53%
25
@ UH-N
20 e UH-5-0.53% (FEM)

=@ UH-N (FEM)
15 F e JH-S-0.53%

Midspan deflection (mm)
=
o

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
20 40 60 80 100 120
5 L Time (msec)

Figure 3.10: Deflection-time history at midspan
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Figure 3.11: Comparison of maximum and residual deflections between experimental

program and FEM

The Kinetic energy was reported to be 4.2 kJ (kg.m?/s?) in the literature, which is almost
identical to the internal energy found from the FEM model. Figure 3.12 shows the internal

energy-time history of UH-N obtained from the FEM.

Internal Energy (kJ)
w

0 20 40 60 80 100 120

Time(msec)

Figure 3.12: Internal energy-time history of whole beam

Figure 3.13 and 3.14 show the damage pattern obtained from FE simulation and the observed
crack pattern from experimental program for both UH-N and UH-S-0.53% in tension. It is
evident from both figures that FE model is capable of representing the induced damage

pattern quite satisfactorily. In both cases, the damage ranges from 24% to 95%. Moreover,



the damage found in UH-S-0.53% is less than UH-N which indicates that the damage in

tension decreased with increasing reinforcement ratio.
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Figure 3.13: Crack Pattern of UH-N (top: experiment Yoo et al. 2015; bottom : FE)
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Figure 3.14: Crack Pattern of UH-S-0.53% (top: experiment, Yoo et al. 2015; bottom : FE)

Results and Discussion

The following section presents the impact response of UHPC beams under various
parameters using the finite element code. The key parameters were the reinforcement ratio
(p), and the drop height (h). The specimens were named as UH-pS-h. D13 steel bar is used in
each beam. The output parameters that have been extracted from the analysis are the mid
span deflection, residual deflection, and strain rate for both concrete and steel. The
deflection-time history is generated from the numerical analyses for each parametric
UHPFRC beam. The effect of the selected geometric parameters on the enhancement of
ultimate load carrying capacity and failure mode were also investigated in this study. The
cross section of each UHPFRC beam is shown in Figure 3.15.
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Figure 3.15: Cross Sections of (a) UH-0S-50 (b) UH-0.53S-50 (¢) UH-1.05S-50 (d) UH-
1.71S-50 (e) UH-2.28S-50

Effect of Reinforcement Ratio

Figure 3.16 (a) shows the numerically obtained deflection time history of UHPFRC beams

under impact loading having five different reinforcement ratios (0.0%, 0.53%, 1.05%, 1.71%

and 2.28%). In general, it can be said that both the maximum deflection and residual deflection

decrease with increasing reinforcement ratio.
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Figure 3.16: (a) Deflection-time history (b) Comparison of maximum and residual

deflections according to reinforcement ratio

Figure 3.16 (a) also shows that in the early stages of loading, the response curves follow a
typical half sine curve followed by a plastic deformation until the failure strain. It can be
observed that p had a small effect on the initial slope of the deflection-time history.
However, when p increases, the maximum deflection point moves to a lower level.
Maximum deflection at mid span decreased by 37 % when p increased from 0% to 2.28%. In

addition, the slope of the inelastic branch of the curves decrease with the increase of p.

Figure 3.16 (b) also confirms that the maximum deflection to residual deflection is increased
by 3.4% with the increase in reinforcement ratio from 0% to 2.28%. This indicates that a

higher reinforcement ratio provides better behavior in terms of deflection recovery.
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Effect of Drop Height of Impact Load

The drop height of the impact load was varied from 100 mm to 25 mm to observe the effect
on maximum deflection at midspan. The impact velocity was kept constant for all the
specimens. Figures 3.17 (a) and (b) depict that for a specific reinforcement ratio, the
maximum deflection increases with decreasing drop height. The beam without any
reinforcement has experienced 16% more deflection when the drop height decreased to 25
mm. However, the beam with a reinforcement ratio of 1.71% experienced 14.7 % more
defection when the drop height decreased to 25 mm.
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Figure 3.17: Deflection-time history for different drop heights (a) p=0 % (b) p=1.71 %
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Axial Strain Response under Impact Load

Figure 3.18 represents the axial strain time history of steel reinforcement at the midspan
for the simulated beams. It is observed from Figure 3.18 that with the increase of reinforcement
ratio, the axial strain of reinforcement bars decreased extensively. However, most of the steel

bars were not yielded except for the beam having a reinforcement ratio of 0.53%.
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Figure 3.18: Tensile Strain -time history

Figures 3.19 (a) and (b) represent the strain response of the UHPFRC beam having
reinforcement ratios of 0% and 2.28% respectively. It is evident from Figures 3.19 (a) and (b)
that the addition of reinforcement can significantly decrease the tensile stain of concrete at
the bottom surface. The tensile strain decreased by almost 50% when reinforcement ratio
increased to 2.28%. In Figure 3.19 (a), the red zone in the bottom surface of UH-0S-50 beam
indicates the maximum tensile strain of 0.015 mm/mm which ensures the concrete failure.
However, maximum strain of 0.006 is obtained for UH-2.28S-50 which is shown in the red
zone of Figure 3.19 (b). The blue zone of Figure 3.19 (a) represents compressive strain of

0.0018 mm/mm to 0.0035 mm/mm, which almost disappears when p increases to 2.28%.
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Figure 3.19: Strain response under impact loading (a) p=0% (b) p=2.28%
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Time lag in Impact Test

It can be seen from Figure 3.20 (a) and (b) that there is a time lag between the impact
force and the reaction forces. The time lag can be calculated from the activation time
difference between the impact force and the reaction forces. It is evident from the figure that
the time lag is nearly 0.5 ms and it is associated with the time required for the stress wave to
propagate from the impact point to the reaction plates. The distance between the impact point
to the reaction plate is 1250 mm which resulted in an estimated stress wave velocity of 2500
m/s. There is no adequate data regarding the stress wave velocity of UHPC.
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Figure 3.20: Impact load and reaction time history (a) p=1.71% (b) p=2.28%

It is evident from Figure 3.20 (a) and (b) that the value of reaction forces is very small or
zero when impact force is maximum. Studies showed that when a beam is exposed to impact
force by a drop weight, it accelerates the beam and this acceleration causes inertia forces
(Banthia et al. 1987; Cotsovos et al. 2008; Saatci and Vecchio 2009). These inertia forces
resist the impact load at the very early stage of the impact event (Cotsovos 2010; Cotsovos et
al. 2008; Saatci and Vecchio 2009). Since, no reaction or negligible reaction force are found
at the time of maximum impact load in this study, so it can be concluded that the impact load
was resisted by the inertia forces at the early stage. Figure 3.20 (a) and (b) also confirms that
when reaction forces reached the maximum value, the impact load dropped to 30%-40% of
the maximum value. Similar behavior is also observed by Pham and Hao 2016.
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Conclusions
This study presents a sensitivity analyses based on the numerical simulations of
impact response of different UHP-FRC beams. A commonly used software package
ABAQUS was used for the simulations. The effect of various key parameters such as mesh
size, dilation angle, stress ratio, shape factor, reinforcement ratio (p), impact load under
various drop heights (h), and the failure phenomena were investigated. From the parametric
study, the following conclusions can be drawn:
= The CDP model can be applied for numerical simulation of UHP-FRC beams under
low-impact velocity. The sensitivity analyses confirmed that the dilation angle of
UHP-FRC has important effect on impact response and dilation angle foe UHP-FRC
is lower than the NSC. However, shape factor and stress ratio showed no/less impact
on the results.
= The numerical model is capable of predicting the deflection-time response, impact
load history and damage in UHP-FRC beams.
= The FE model captured the damage pattern of the UHP-FRC. The damage in tension
decreased considerably with increases in reinforcement ratio.
= The maximum deflection is found at mid span. Changes in reinforcement ratio have a
significant effect on the deflection recovery after impact. It is found that maximum
deflection at mid span decreased by 37% when p increased from 0% to 2.28%.
= In addition, the tensile strain in steel bars is decreased by almost 50% when
reinforcement ratio increased from 0% to 2.28%.
= Moreover, the drop height has considerable effect on mid span deflection. Beam with
no reinforcement has experienced 16% more deflection when the drop height
decreased to 25 mm. However, for beam with reinforcement ratio of 1.71%, this
value is 14.7%.
= Atime lag of 0.5 ms was found between the impact force and the reaction forces
which resulted in a stress wave velocity of 2500 m/s.
= In this study, no reaction or negligible reaction force was found at the time of
maximum impact load which indicates that the impact load was resisted by inertia
forces at the early stage. To predict the impact response of UHP-FRC beams more

accurately further experimental works should be conducted.
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Chapter 4: Finite Element Analysis of Confined High Strength Concrete

Bridge Columns with Opposing-Spiral Reinforcement
“Finite element analysis of confined high strength concrete bridge columns with opposing-
spiral reinforcement”, published in International Journal of Structural Engineering, July
2018, Volume 9, Issue 2, pp 101-115

Abstract

The spiral reinforcement is a very common technique used for reinforcing columns in active
seismic regions due to its high ductility and high ability of energy absorption. This paper
presents a nonlinear finite element analysis of high-strength concrete confined with opposing
circular spiral reinforcements. The results are compared with previously tested small-scale
concrete columns made with the same technique under monotonic axial loads. The proposed
technique is developed to improve strength and ductility of concrete columns confined with
conventional spiral systems. The finite element (FE) analysis results have showed that the
proposed model can predict the failure load and crack pattern of columns with reasonable
accuracy. Beside this, the concrete plasticity damage showed very good results in simulating
columns with opposing spirals. The developed FE model is used to conduct a study on the
effect of spiral spacing, y (ratio of the core diameter to the whole cross section diameter) and
compressive strength on behavior of circular spiral reinforced concrete column confined with
opposing circular spiral reinforcements. The results of the parametric study demonstrated that
for the same spacing between spirals and same strength of concrete, increasing y will result
into increasing the failure load of the column. It is also observed from the study that the
ductility of the studied columns is not affected by changing the value of y. In addition, a
correlation between the y factor, three different compressive concrete strength, and the
spacing of opposing spirals was developed in this paper.

Keywords: Finite element model; Column; Spiral reinforcement, Spiral spacing; Confined

concrete strength.
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Introduction

Proper lateral confinement systems such as steel stirrups, steel jackets, and composite
materials increase axial capacity of concrete columns. The axial behavior of confined
concrete (stress-strain) under axial monotonic loads is influenced by the confinement
configuration, and by the effectiveness of confinement material (Wu et al. 2006). Lateral
steel confinement produces a triaxial state of stress which postpone concrete failure under
axial loads and in consequence improves the overall ductility. The effectiveness of the
lateral resistance is determined based on the method of confinement used. The most common
methods of confinement recommended by the ACI 318 is to use steel spirals, which proven
to be a very effective means in reinforced concrete (RC) columns. The minimum spacing of
spirals specified by the ACI is 25 mm to ensure constructability and concrete flowability.
Very limited data are available on the use of opposing spiral systems on confining concrete

columns and its simulation using the finite element method.

Hindi et al. (2005) tested columns constructed with two steel opposing spirals as a
replacement of conventional single steel spiral, and that could be operated to increase the
axial columns behavior and to ease columns construction. The opposing spirals could be
designed and constructed with conventional spacing recommended by the ACI. The benefits
of using opposing spirals is the doubling of the volumetric confinement ratio of the lateral
reinforcing system. The opposing spiral configuration could be used in areas where
constructability is a question. The key point of opposing spiral configuration is to preserve
same volumetric confinement ratio with double the pitches. One more benefit from using the
opposing spirals is to maintain column axial capacity under the increased spiral spacing and
that would be very helpful in the highly congested beam-to-column joints.

Hindi et al. (2005) reported a study on reinforced concrete columns with opposing-spiral
confinement technique. Small-scale normal weight concrete columns were experimentally
tested under pure axial load. The experimental results showed, when comparing the
conventional single-spiral confined columns to the opposing-spiral columns with the same
volumetric confinement ratios, similar behavior in strength and ductility between the

specimens were found.
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Multiple types of horizontal confinement systems have been reported such as: hoops,
welded-wire mesh, high-strength strands, carbon FRP spirals and hoops, and conventional
spirals (Afifi et al., 2015; Budek, et al. 2002; Tan and Yip 1999; Tanaka and Park, 1993,
Tavio et al. 2011; Wu and Wei, 2014). These tests were conducted for various reasons: to
verify code adequacy, to develop innovative methods and ultimately, and to upsurge the
fracture energy of columns. Ding et al., (2014) studied the structural behavior of concrete-
filled steel tube columns under monotonic load. The steel tubes were reinforced laterally
using steel spiral stirrups and some specimens were internally stiffened. The results were
used to validate the FEM and to extend the parametric study where an approach was

established to predict the bearing capacity of such columns.

Liang et al., (2014) conducted various full-scale tests on the axial performance of short steel
and concrete columns confined with multiple confinement systems. It was reported that
composite columns with several interlocking hoops showed improved capacity compared to
conventional reinforced concrete column with multiple spirals. Many theoretical RC stress-
strain confinement models have been developed for columns confined with steel spiral
reinforcements (Mander et al. 1989). Mander, et al., (1989) is one of the common models

used in the current study to be implemented in the finite element code.

Marvel et al., (2014) reported the results of high-strength reinforced concrete columns
confined using opposing-spiral technique and subjected to monotonic axial loads, and the
conclusion of the study recommended that columns confined with opposing spirals having
similar volumetric confining ratios as conventional single spirals had a similar ultimate
strength and an increased ultimate strain and ductility. On average, the opposing spiral
confined columns obtained 120% of the ultimate strain of its conventional single-spiral.
Counterpart, and finally it was found that columns confined with opposing spirals with
double the confining reinforcement steel ratio displayed noteworthy improvement on average
of 139% increase in the strength of its conventional single-spiral counterpart. Figure 4.1

shows the different spiral configuration used in this study.
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The goal of this paper is to numerically investigate the axial behavior of multiple-strength
concrete columns using the opposing spiral confinement technique and to compare the results
with experimentally tested columns. The finite element simulations were performed using the
comprehensive finite element code ABAQUS. In addition, a parametric study was performed
on the effect of spiral spacing, y (ratio of the core diameter to the whole cross section
diameter) and compressive strength on behavior of circular spiral reinforced concrete column
confined with opposing (opposing) circular spiral reinforcements. The following sections
present the description of the experimental tested specimens and the finite element model.

Figure 4.1: Specimen comparison, opposing spiral spacing of (S), single spiral spacing of (S),

opposing spiral spacing of (2S) (Marvel 2014).

Experimental Program

The experimental program consisted of twenty-one small-scale reinforced high-strength
concrete circular columns with various longitudinal reinforcement ratios and four different
confinement reinforcement ratios. The columns were subjected to monotonic axial load to
investigate the effect of the opposing spiral on the axial capacity. All columns designed to
satisfy ACI 318 requirements. Seven of the twenty-one specimens were constructed using
conventional single spirals and served to compare against the proposed opposing spiral
configuration. The remaining fourteen columns were prepared using the opposing-spiral
confinement system. The dimensions of all specimens were the same, and the variables were
the longitudinal steel ratio and spiral spacing. The outer diameter, core diameter and the
length of columns were 350 mm, 250 mm 1000 mm respectively. 8, 10, 12. 14-U15.9 mm
(No. 5) main steel bars were used and spread over the core. Longitudinal steel ratios of 0.016,
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0.020, 0.024 and 0.028 were considered in the study. The confining spiral used was U9.5 mm
(No. 3) with four bases’s spiral spacings of 40, 50, 55, or 60 mm, covering the allowable
spiral spacing set in ACI 318. Figure 4.2 shows the Schematic representation of specimen
details. More details about the columns testing matrix could be found on Marvel et al., (2014)

Finite Element Modelling

This section presents a description of the details of the finite element modeling and the
material models for concrete, steel, and spirals which were implemented into the code. The
numerical simulations were performed using ABAQUS code, which is a general FE analysis
package with the capability of capturing the nonlinear behavior of materials under different
loading combinations. There are two different types of analysis in ABAQUS; implicit and
explicit. The explicit analysis option was employed in this paper to predict the axial capacity
of high strength columns reinforced laterally with opposing spirals. The reason of choosing
the explicit technique is to avoid the convergence problems associated with highly
heterogeneous materials such as concrete. Mesh sensitivity analysis was conducted to select
the most efficient element size, where solid elements were chosen to represent concrete and

truss elements were selected for longitudinal and lateral steel reinforcements.

Material Properties

Twenty-one columns were cast in two separate placements — 19 of the columns were cast
during the first concrete batch and 2 were prepared with the second (Marvel et al., 2014). The
aggregates had a maximum aggregate size of 19 mm with a concrete compressive strength foc

of 70 MPa with an average 28-day compressive strength of 67.3 MPa.
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Steel reinforcing bars

The longitudinal steel bars and the opposing spirals were modelled as elastic perfectly plastic

materials in both compression and tension. The stress-strain behavior of steel bars is shown

in Figure 4.3. The Truss element was used in ABAQUS to simulate the steel members. The

stress-strain related parameters such as steel yield strength, elastic modulus and tensile

strength were obtained from the experimental study conducted
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Figure 4.3: Stress-Strain curve of reinforcing steel bars and spirals.

Concrete

C3D8R are solid elements and best fit in simulating the considered columns. The nonlinear

concrete behavior is simulated independently. The rebar-concrete constraints normally
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modeled as full bond. The Concrete Damaged Plasticity (CDP) Model developed by (Lubiner
et al., 1989) and extended by Lee and Fenves, (1998) was used in this study to predict the
behavior of columns. The CDP concrete constitutive model has the capability to simulate the

elastic-plastic response of concrete considering tension-cracking and compression-crushing.

Under axial tension, concrete behavior starts linearly until the ultimate stress. The failure
stress represents the start of micro-cracking, and after this point a softening behavior became
dominant. On the other side, under pure axial compression load, stress-strain relationship is
considered linear up to a value of 0.45 of the ultimate concrete stress. In the plastic region,
stress is typically described by strain hardening followed by strain softening till concrete
reaches the failure strain, The CDP parameters implemented in ABAQUS are shown in Table
4.1 and Figures 4.4 and 4.5.

Table 4.1. Parameters Used for the Concrete in Plastic Damage Model.

Young's Poisson’s Dilation
Modulus Ratio Angle,y Eccentricity  fho/fco K
(MPa) Degree
Varies 0.18 36 0.1 1.16 0.67
. o
) a) o

O

,J'ﬁ - dr. ]E:: rjl.

I i
~in _ &l
P Boc g
= el 1
& L

Figure 4.4: o-¢ in compression and c-¢ in tension for CDP model [ABAQUS]
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Figure 4.5: The compression concrete inelastic stress-strain curve.

Results and Discussions

Verification of the Finite Element Model

The reinforced concrete FE models developed in this paper were built using
ABAQUS/Standard. In the finite element simulations, a steel rigid loading plate was assumed
at the top and at the bottom of the column to avoid stress concentration associated problems.
The concrete and steel plate for all columns, were modelled using 8-node reduced integration
3D solid elements. A structured meshing option with a mesh size of 40 mm was adopted, and
the mesh for concrete and the steel is shown in Figure 4.6. Smaller mesh sizes were also
studied, and the results were consistent with almost constant after decreasing the mesh size
smaller than 40 mm. A surface-to-surface constraint was used to couple steel and concrete
with no relative displacement between them. The modeling of softening behavior, and the
whole simulation was performed under displacement control, where a small increment of
displacement was applied at the top of the loading plate. The incremental-interactive method
available in ABAQUS was used to simulate concrete and steel nonlinearities. The FEM
results were compared with the results found in Marvel et al. (2014). Table 4.2 shows the
column cases used in the finite element verification. The 3-D view of the meshing of the

columns is shown in Figure 4.6.
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Figure 4.6. The FE mesh for concrete, the reinforcing steel, and the boundary conditions.

Figure 4.7 shows the comparison between the developed finite element model and the results

for all the cases shown in Table 4.2.

Table 4.2. Column samples used in the finite element verification

Spiral Effective Spiral Spacing Longitudinal Transve'js
Specimen length _ Steel Ratio

Type (mm) Steel Ratio (o)

(mm) (o)

50X-8 Opposing | 1000 50 0.016 0.04
50X-10 Opposing 1000 50 0.02 0.041
50S-8 Regular 1000 50 0.016 0.021
40X-10 Opposing 1000 40 0.02 0.052
55X-10 Opposing 1000 55 0.02 0.038
60X-10 Opposing 1000 60 0.02 0.034

Six reinforced columns were modeled-using ABAQUS and compared with the test results

from Marvel et al. (2014). The modelled columns have different longitudinal and lateral
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reinforcement ratios as shown in Table 2. All specimens were compared based on the axial
stress-strain history. The comparison shows that the developed FEM is capable to capture the
behavior of the columns with the opposing spirals technique. As shown in Figure 4.7, the
stress-strain history between the FEM and experimental results are very close in terms of the
ultimate stress and the failure strain, except for the case of using single spiral (50-8S). The
initial stiffness of the FE model is in very good agreement with the experiments, while the
softening behavior of the FE model over predicts or under predict the behavior at the failure
point. Figure 4.8 shows the concrete damage depicted from one of the tested columns, the
FEM shows that the maximum principle strain is reached at the middle third of the column
height and shows the same behavior as the real damaged column. The opposing spiral
confinement added more lateral confinement pressure whereas pushed the concrete to be

failed through an inclined shear surface.
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Figure 4.7: Comparison of Stress-Strain behavior between the experimental and the FEM.

Parametric Study

The following section presents the response of columns under various parameters with the

opposing spirals using the finite element code. The key parameters were the concrete

compressive strength, the spiral spacing, and the longitudinal reinforcement ratios. The

specimens were named as S-X vy -C as where S, X, y and C represent spacing of opposing

spiral in mm, Spiral type, the ratio of the core diameter to the whole cross section diameter,

and the concrete compressive strength, respectively. The output parameters that had been
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extracted from the analysis are the axial confined stress, f’cc, and average axial strain, gay. The
average axial strain was calculated by dividing the total axial displacement in the axial
direction by the total length of the column. The axial stress versus axial strain curves are then
generated from the numerical analyses for each parametric column. The effects of the
selected geometric parameters on the enhancement of ultimate load carrying capacity and

ductility of the concrete columns were also investigated in this study.

Figure 4.8. Comparison of concrete damage between the experimental and the FEM.

Axial stress versus axial strain response

Figures 4.9 shows the numerically obtained axial strains plotted against average longitudinal
strain of the concentrically loaded opposing spiral circular concrete columns having two
different compressive strength 30 MPa (Fig. 9a) and 100 MPa (Fig. 9b). The axial stress was
calculated by dividing the incremental axial load by the columns’ cross-sectional area

assuming that longitudinal reinforcement has no effect in carrying compressive load.

40-X-y-30 60-X-y-100
= © N,
o o R X
2 S ST
& y=0.60 " "y=0.6"
_E a) -------- y=0.65 g b) - - v2065
< - = =y=0.75 Sl e y=0.75
v=0.80 y=0.80
Strain (mm/mm) Strain (mm/mm)

Figure 4.9: Axial Stress vs Axial Strain response for different y.
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Figure 4.9 also shows the comparison of axial confined stress versus axial strain response of
opposing spiral columns having different y. In the early stages of loading, up to the ultimate
concrete compressive strength (fc), the response curve follows the typical curve of

conventional unconfined concrete columns under axial load and then it experienced a plastic

deformation till the failure strain.

It can be observed that y had a small effect on the initial tangent modulus of the stress-strain
history. However, as the y increased, the ultimate stress point moved up to a higher stress
level. In addition, the slope of the inelastic branch of the stress-strain curves increased with
the increase of y. No difference in the ultimate load was found between y equals 0.60, and
0.65 however there is a 20% difference in the ultimate load when y changes from 0.65 to
0.75. Figure 4.9 also confirms that for a specific strength of concrete, all the columns
reached the ultimate stress at almost same strain even though y was different. It can be
concluded that for the same spacing between the spirals and same concrete strength,
increasing y results into increasing the failure load of the column. In addition, the ductility of
column is not affected much by changing y. Figure 4.10 shows the correlation between
opposing spiral spacing and the ultimate load for three concrete strengths; 30, 50, and 100
MPa and various y values. It can be seen be seen that increasing the y value, with decreased

spacing, increases the ultimate load.
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Figure 4.10: Axial load vs y for different concrete strength.

Effect of Spiral Spacing

Spiral spacing is considered a major factor in the axial behavior of concrete columns. When
spiral spacing is increased, the volumetric confinement reinforcement ratio is decreased which
reduces its load carrying capacity and ductility. A study has been conducted to find out the
efficiency of opposing spiral columns over conventional single spiral columns having same
spiral spacing. The confined compressive strength of conventional single spiral columns are
found by the analytical model proposed by Mander et al. (1988). The confined compressive
strength f'cc is based on tri-axial tests performed by Schickert and Winkle (1977) and is shown
in Equation 4.1 to 4.4.

Feeef"co (—1.254 +2.254 [1+ 7;’#“ - sz—’> (4.1)

where, f'| is the effective lateral confining stress on the concrete core

, 1
fi= Ekepsfyh 4.2)
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fyn is the yield strength of transverse reinforcement and Ke is the confinement effectiveness

coefficient.
13"
k, = —& 4.3
€ 1=pcc (4.3)
4Ag
Ps = T: (4.4)

Here, s'= clear vertical spacing between spirals, ds = diameter of spiral between bar centers,
pec =ratio of area of longitudinal steel to area of core, s = center-to-center spiral pitch, and Asp

= area of transverse reinforcement bar.

Figure 4.11 shows the effect of spiral spacing on confined concrete stress for different
strength of concrete. Though the analytical model proposed by Mander et al. (1989) over
predicts the confined concrete stress for every column but it follows the same trend as the
FEM solution. It is also evident from Figure 11 that the increase in spiral spacing result in
loss of ultimate confined compressive strength for each type of concrete columns. The results
obtained from the analytical and FE model are in a good an agreement for both values of y as
shown in Figure 4.11. However, the analytical model developed by Mander et al. (1989) is
overestimated the failure capacity of the column when the value of y dropped from 0.8 to
0.65. This is due to that the FE model developed considers the effect of the confinement of

the core represented by y which reflects the actual performance of the confined concrete

column.
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200 ¢ —a— f'c= 30 MPa (FEM) — — - Analytical f'c =100 MPa 160 F
180 | —+ - Analytical f'c =50 MPa -+-m-+ Analytical f'c= 30 MPa 140
160 120
- 140 F 100
£ 120 =
= g 80
100 =
$ v=0.65 s0 |
80 | —— f'c =100 MPa (FEM) —e— f'c =50 MPa (FEM)
60 | 0 f'e= 30 MPa (FEM) - = = Analytical f'cc= 100 MPa
40 | 20 — - Analytical f'cc= 50 MPa ---a--- Analytical f'cc= 30 MPa
2 a X . . , .
35 40 15 50 55 60 65 35 40 s 50 55 60 65
Spiral Spacing S (mm) Spiral Spacing (mm)
. . . . . . ,
Figure 4.11. Confined Axial Stress vs Spiral Spacing for different f°;
Conclusions

This paper presents the results of finite element modeling of concrete columns reinforced

with opposing spirals in a way to increase the lateral confinement pressure, which in
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consequence provide more ultimate axial load capacity. The proposed technique offers new

generation of columns that have more ductility and more energy absorption characteristics.

The finite element code Abaqus is used on the numerical simulations and the concrete and

steel nonlinearity behavior is considered in the study. Based on this study the following

conclusions can be drawn:

= The damage plasticity model showed very good potential in simulating the axial
behavior of reinforced concrete columns reinforced with opposing spirals in terms of
ultimate load and failure strain predictions.

= The developed finite element modeling of circular spiral reinforced concrete columns is
capable of predicting the failure capacity, damage pattern and ductility with a reasonable
accuracy.

= The results from the parametric study demonstrated that for the same spacing between
the spirals and same strength of concrete, increasing y results into increasing the failure
load of the columns.

= The ductility of columns is not affected by changing the ratio of core diameter to the
total column diameter (y).

= Arelationship between the opposing spiral spacing and the confined compressive

strength has been developed for different concrete compressive strength.
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Chapter 5: Conclusions and Recommendations

Conclusions

In recent years, the use of UHPC has become more popular in the construction industry for
its superior properties such as its early very high strength that might reach 96 MPa (14,000
psi) in 3 days, its promising toughness, and long-term steadiness. Due to high materials cost,
lack of expertise, and excessive time consumption, it is not always feasible to conduct large
scale experiments in the laboratory. This research presents a sensitivity analysis based on
numerical simulations of the behavior of UHPC bridge deck connections under monotonic
and reversed cyclic loading. The software package ABAQUS was used to perform all the
simulations. Various key parameters were investigated such as the concrete constitutive
models for the normal concrete, steel stress strain behavior, mesh size, contact properties and
concrete dilation angles. The numerical study also includes the impact response of UHP-FRC
beams. The effect of various key parameters such as mesh size, dilation angle, stress ratio,
shape factor, reinforcement ratio (p), impact load under various drop heights (h), and the
failure phenomena were investigated. Moreover, this study presents the development of
UHPC mixes using ldaho local materials. Nine mix designs were developed using locally
available materials, among them one mix design having compressive strength of 20.35 ksi
was selected for further performance evaluation. The performance of locally developed
UHPC is evaluated by constructing 8 ft. span hybrid connections with local UHPC closure
and tested under static loading until failure. The test results confirm better performance of
UHPC closure than NSC against flexure. An analytical model has been developed using
MATLAB to predict the moment curvature relationship. In addition, a graphical user
interface is developed to perform the parametric study. The graphical user interface is
developed in such a way to include all variables i.e. concrete strength, dimensions of hybrid
connection and deck panels, reinforcement configuration and shape of the connection.
Besides, this paper also includes the finite element modeling of concrete columns reinforced
with opposing spirals which increases the lateral confinement pressure, and in consequence,
provides more ultimate axial load capacity. The proposed technique offers new generation of

columns that have more ductility and more energy absorption characteristics.
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The major contributions from this research work are:

Development of a new mix design for Ultra-High-Performance Concrete (UHPC)
using Idaho local materials (Basalt). The proposed mix design with basalt fine
particles yielded up to 20.35 ksi at 28 days without heat curing, and very first to
report.

Development of a 3D Finite Element Model for UHPC connected hybrid bridge deck
panels using ABAQUS which will be helpful to predict structural response under
static and reversed cyclic loading.

Development of the first graphical user interface (GUI) for predicting moment
curvature relationship of UHPC connected bridge decks. This GUI will help
professional engineers to predict ductility, curvature, and the stress distributions

without conducting large-scale experiments.

Based on the results of this research work, the recommendations are summarized below:

Recommendations

In this study, fine aggerates were sieved through No. 30 and No. 200 to achieve
desire particle size of 75 -600 microns which is extremely time consuming. Studies
should be conducted to understand the effect of nominal maximum size of the
aggregates on the overall performance of UHPC.

The water/cementitious ratios varied from 0.18 to 0.22 in this study. However,
literature showed that it is possible to develop UHPC with lower w/cm ratio. UHPC
mixtures produced with lower w/cm ratio are expected to exhibit higher
compressive strength.

Further study should be conducted to find the ways to replace the cement and silica
fume partially with fly ash and GGBFS to produce more economical and eco-
friendlier UHPC.

So far, no design guidelines are available for UHPC members. More research
should be conducted to develop design guidelines for UHPC structural members.
The performance of hybrid bridge connection made with locally produced UHPC

under impact and fatigue loading is yet to be investigated.
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