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Abstract

The work presented in this paper is an investigation of bridge deck deterioration after exposure to
regional environmental conditions and traffic loading. The service life of a set of bridge decks
containing UHPC and normal strength reinforced concrete were studied through a two-
dimensional modeling technique that couples harmful material transport processes and structural
deterioration in a time dependent manner. Regional environmental characteristics, such as
periodically applying de-icing salts (chloride ions) and realistic local temperature fluctuations were
considered in the simulations. Furthermore, mechanical damage induced by bridge deck traffic
loading was considered in the chloride diffusion modeling approach. The simulation results show
that the normal strength reinforced concrete bridge deck had cracks under traffic loading, while
the reinforced UHPC bridge deck showed no observable damage at the same loading level. As
such, the UHPC bridge deck had slower chloride penetration. Simulated chloride profiles
confirmed that the material ingress process was influenced by the variation of temperature and de-
icing material concentrations. The normal strength reinforced concrete bridge deck experienced
corrosion induced cracking and delamination under the combined effects of sustained traffic
loading and regional environmental conditioning. In contrast, the reinforced UHPC bridge deck
was sound and intact even after a much longer exposure time.
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1. Introduction

Ultra-high performance concrete (UHPC) is a novel class of building materials, which has
garnered immense attention as a durable construction material. The dense and uniform
microstructure of UHPC provides it with exceptional mechanical and durability properties,
exhibiting great resistance to damage and harmful material penetration (Naaman and Reinhardt;
Sohail et al.). As a result, the structural deterioration of reinforced UHPC structures was slower
than that of conventional reinforced concrete components (Ghafari et al.). As such, UHPC is well-
suited for a wide range of applications in transportation infrastructure. In cold regions, reinforced
concrete bridge decks are among the most vulnerable structural components as they are exposed
to harsh environmental conditioning and vehicular loading.
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Numerous studies have demonstrated that UHPC specimens exhibit greater resistance to
corrosion induced by de-icing materials when compared to normal strength concrete specimens
(Ghafari et al.). For example, the experimental results indicated that the corrosion rate of reinforced
UHPC specimens were two orders of magnitude smaller than that of normal reinforced concrete
(Roux et al.; Ghafari et al.). However, the initial cracking status, which is a crucial factor
influencing the corrosion development and propagation in concrete, varies depending on the
structural type and load conditions. As such, the durability performance of reinforced UHPC
bridge decks that are exposed to traffic loading and environmental conditioning may be affected
by cracks that develop in situ. Additionally, regional environmental characteristics, such as the
periodic application of chloride materials and local temperature fluctuations, can affect the
corrosion performance of a bridge deck (Cheung et al.). A comprehensive study of reinforced
UHPC bridge decks under realistic environmental conditions is needed to better understand their
superior durability characteristics and potential for use in bridge construction.

This study aims to evaluate, quantify, and compare the long-term serviceability characteristics
of reinforced normal strength concrete bridge decks and reinforced UHPC bridge decks. A time-
dependent multi-physics modeling framework from the authors’ previous research was adopted
(Fan et al.). The computational approach considers realistic regional environmental conditions,
including seasonally applied de-icing materials and temperature changes throughout the service
life of the bridge decks. Simulation results on damage patterns, chloride distributions, and
structural deterioration after corrosion are analyzed to determine the service life performance of
reinforced UHPC and reinforced normal strength concrete bridge decks.

2. Simulation Description and Modeling Parameters

A representative reinforced concrete bridge deck is shown in Figure 1. The thickness of the
reinforced concrete bridge deck was 250 mm (10 in). The top and bottom concrete cover was 63
mm (2.5 in) and 25 mm (1 in.), respectively. Half of the geometry was simulated due to
symmetrical geometry.

A time-dependent multi-physics modeling procedure was adopted from the author’s previous
work to simulate the chloride penetration, corrosion propagation, and corrosion induced structural
deterioration (Fan et al.; Fan et al.). First, the initial damage status was obtained from structural
analysis by introducing a traffic load which caused flexural stresses in the member. The damage
condition was integrated in the study-chloride transport analysis, in which the chloride and oxygen
transport properties were updated based on the cracking status. After this, the corrosion
propagation was simulated, and corrosion product expansion was calculated. Then, the corrosion
product expansion load was applied together with the traffic load. The duration of each time step
for reinforced concrete and reinforced UHPC bridge deck were four months and five years,
respectively. DIANA FEA Version 10.5 was used for the structural analysis portion, while chloride
transportation and corrosion development were performed in COMSOL Multiphysics Version 5.4
(DIANA FEA; COMSOL).

The de-icing material was applied at the top surface only, while oxygen was assumed to enter
from both the top and bottom sides. As shown in Figure 1, the mesh size of the concrete and UHPC
materials was 12.5 mm (0.5 in.). Through redesign, the reinforced UHPC bridge deck had a smaller
depth of 125 mm (5 in.), so that the load capacity of both the reinforced concrete bridge deck and
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reinforced UHPC bridge deck were approximately equivalent (142.3 kN (32.0 kips) and 145.1 kN
(32.6 kips), respectively). The cover depth of UHPC was also reduced to 25 mm (1 in.).

163 mm

hL-——r—u—I—u—-—u—-—n-—'—a—f—u—-—, — o —= —
A .. 0 o o0 0 0.0 0. a0 . o a_o0 _o_ ﬂg
L TZSmm I | i

Top and bottom #6
reinforcement bar

) 3300 mm Steel girder —r
Applied load
l 63 mm
250
mm
=
| .
Reinfor'tement bar
S}-‘rrlmetril:d]I
1650 mm
Applied load
l 25 mm Loading plate |
Support plate i

Figure 1: Cross section of a reinforced concrete bridge deck and the modeling set up. The unit can be
converted as 1 inch =25.4 mm.

Chloride transport in cracked concrete and UHPC materials were considered using the
following equations, respectively:
=2x1071w -4 x 10719, 30um < w < 80um

DCl_concrete(mz/S){; 14 x 10_10,W > 80um (1)
=4x1072w—-3x10"1,10um < w < 80um
D¢i ynpc (mz/s){ # # (2)

~3x1071% w > 80um
where w is the crack width (um) (Djerbi et al.; Fan et al.).

Seasonally applied surface chloride contents and the local temperature fluctuations in the
studied region are shown in Figure 2. A higher chloride concentration of 0.6% of the
concrete/UHPC mass was applied in the snow seasons while a lower concentration of 0.2% was
assumed at the rest of the year (Cheung et al.). The influence of temperature on chloride transport
was considered using Equation (3) (Saetta et al.).

u 1 1
HT) = exp [ G = 7] 3

where U is the activation energy (44.6 KJ/mol), R is the gas constant (8.3 J/mol),
Trer (293.2 K) is the reference temperature of the measured diffusion coefficient, and T is the
concrete/UHPC temperature (Saetta et al.).
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Figure 2: Source chloride concentrations and temperature.

The mechanical properties of normal strength concrete and UHPC were obtained from
literature (Shao and Billington). The tensile strength of normal strength concrete was 3.1 MPa with
a tensile fracture energy of 0.144 MPa-mm, while UHPC had a tensile strength of 10.5 MPa and a
tensile fracture energy of 11.2 MPa-mm. The compressive strength of normal strength concrete
was 41.9 MPa with a tensile fracture energy of 35.7 MPa-mm, while UHPC had a compressive
strength of 180 MPa with a tensile fracture energy of 185.8 MPa-mm. The reinforcing bar had a
yielding strength of 455 MPa and an ultimate strength of 675 MPa (Bandelt and Billington).

The reference chloride transport coefficients of concrete and UHPC were D¢ . =
1.3 x107""'m?/s and D¢y yype = 4.5 x 1073m?/s ), respectively (Rafiee). The concrete
resistivity was reported as 159 Q - m, while the electrical resistivity of UHPC at same saturation
level was 23067 Q1 - m (Rafiee). The critical chloride content was assumed to be 0.06% of the
concrete/UHPC mass (Isgor and Razaqpur). The anodic Tafel slopes ( fr. . = 65 mV /dec,
Bre unpc = 61 mV /dec ), cathodic Tafel slopes ( Bo, .= —138.6 mV/dec , Bo, yupc =
—130.9mV /dec ), were also adopted from literature (Rafiee). The anodic and cathodic
equilibrium potentials were —600 mlV/ and 200 mV , respectively. The anodic and cathodic
exchange current densities were 2.75 X 10™* A/m? and 6 X 107® A/m?, respectively (Rafiee). A
detailed explanation of the input parameters can be found from the authors’ previous work
(Matthew J. Bandelt).

ACI 224 R (2001) specifies an allowable crack width of 0.18 mm (0.007 in.) for the tensile
face of reinforced concrete structures that are exposed to de-icing chemicals (ACI Committee 224).
Therefore, in the case of the reinforced concrete bridge deck, the initial condition was set at the
load level where the crack width reached 0.18 mm (0.007 in.). The reinforced UHPC bridge deck
exhibited an initial crack width of 0.017 mm (0.0007 in.) at the same loading level, which was
considered as the initial damage condition.

3. Simulation Results and Discussions
3.1. Chloride Profiles

The chloride profiles of normal strength concrete and UHPC after 30 years of chloride exposure
are shown in Figure 3. Due to the dense microstructure of UHPC and smaller crack widths of the

Publication type: Full paper
Paper No: 29 4



Third International Interactive Symposium on Ultra-High Performance Concrete 2023

reinforced UHPC bridge deck, chloride penetration was considerably slower than that of the
reinforced concrete bridge deck. For example, the corroded area where chloride concentrations
reached the critical chloride value of the reinforcing bar in normal strength concrete bridge deck
was 100% after 30 years of de-icing material ingress. In contrast, only 13.3% area of reinforcing
bar in the UHPC bridge deck was corroded after the same chloride exposure duration.
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Figure 3: Chloride profile along bridge deck depth at the left.
3.2. Structural Deteriorations
3.2.1. Steel Cross Section Loss

After corrosion initiation, corrosion products accumulate, filling the pores around the steel-
concrete interface (Michel). The internal stress increases as the corrosion products continue to
grow, due to the higher volume of corrosion products compared to the original steel (Zhao and
Jin). The corrosion-induced cracking and the initial cracking from traffic loading further accelerate
chloride ingress, which in turn induces more damage to the materials.

In comparing the reinforced concrete and reinforced UHPC bridge decks, simulation results
showed that after 29 years of corrosion development, the steel reinforcement bars in the reinforced
concrete deck had a maximum cross-sectional loss of 12%, whereas the cross-sectional loss in the
reinforced UHPC deck was only 2.6% after 55 years of corrosion. The significant difference in
cross-sectional loss was due to the slower corrosion propagation rate in the reinforced UHPC
bridge deck, despite the reinforcing bars in the UHPC bridge deck experiencing longer corrosion
time than those in the reinforced concrete bridge deck (55 years compared to 29 years).

3.2.2. Delamination Ratings

The structural deterioration can be measured using an indicator called the delamination rating,
which measures the extent of damaged area and can be calculated as follows (Szary and Roda):

Delamination rating = % area in severe - 0 + % area in poor - 40 + % area in fair - 70
+% area in sound - 100 3)
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where a rating of 0 indicates worst condition, while a rating of 100 indicates best condition. The
damage level of the materials was categorized using the principal strain of the finite elements (Fan
et al.; Fan et al.). The simulated results show that after 30 years of chloride exposure, the reinforced
concrete deck had a delamination rating of 79.1%, while the reinforced UHPC deck had a
delamination rating of 93.3% after 80 years of chloride exposure. This indicates that the reinforced
UHPC deck performed better than the reinforced concrete deck in terms of resistance to
delamination, even after a much longer exposure to the harmful material.

3.2.3. Cracking Densities and Cracking Numbers

To further evaluate the extent of cracking in the bridge decks, the crack density was calculated as
the total cracked area over a measured area. The length and width of the cracks were found to
increase over time due to the combined effects of traffic loading and corrosion product expansion
after exposure to chlorides. Figure 4 shows the cracking density and number of cracks of the bridge
decks. The crack width selected to measure the crack density was smaller in the UHPC (0.01 mm)
bridge deck than in the RC bridge deck (0.05 mm) due to the microcracking characteristics of
UHPC.

As shown in Figure 4, the number of cracks at 30 years of chloride exposure were at the same
level between the reinforced concrete and reinforced UHPC bridge decks. However, the cracking
density of the reinforced UHPC bridge deck was 43.3% lower than the reinforced concrete bridge
deck. This was attributed to the smaller crack depth in UHPC materials. The lower crack density
in the UHPC bridge deck could result in a longer service life and reduced maintenance needs,
making it a more cost-effective and sustainable option over time.
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Figure 4: Crack density and crack numbers.
4. Conclusions

The study compares the performance of reinforced concrete and reinforced UHPC bridge decks
under identical temperature fluctuations and de-icing materials exposure conditions. The
simulation results demonstrated that the reinforced UHPC bridge deck experienced significantly
slower structural deterioration, as evident by lower measures of reinforcing bar cross-section loss,
delamination rating, and cracking densities.
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The excellent long-term durability performance of the reinforced UHPC bridge deck
demonstrates the great potential of UHPC materials in structural components. The significantly
better service life performance can lead to a reduction in maintenance costs over time.
Furthermore, the smaller bridge deck cross-section of the reinforced UHPC bridge deck can offset
some of the higher initial construction costs. The insights provided by this study can help inform
the selection of UHPC materials for potential applications in structural design and achieving a
more sustainable infrastructure.

5. Acknowledgements

The authors gratefully acknowledge the support of John A. Reif, Jr. Department of Civil and
Environmental Engineering at New Jersey Institute of Technology and by the New Jersey
Department of Transportation (NJDOT) through Contract ID# 19-60155.

6. References

ACI Committee 224. “Control of Cracking in Concrete Structures Reported by ACI Committee
224. ACI 224R-01.” ACI Committee 224R-01, 2001.

Bandelt, Matthew J., and Sarah L. Billington. “Impact of Reinforcement Ratio on on Deformation
Capacity of Reinforced High-Performance Fiber-Reinforced Cementitious Composites.”
Journal of Structural Engineering, no. May 2016, 2015, pp. 457-63.

Cheung, Moe M., et al. “Service Life Prediction of RC Bridge Structures Exposed to Chloride
Environments.” Journal of Bridge Engineering, vol. 14, no. 3, 2009, pp. 164-78,
https://doi.org/10.1061/(asce)1084-0702(2009)14:3(164).

COMSOL. https://www.comsol.com/.

DIANA FEA. DIANA User’s Manual. DIANA FEA BV, 2021, https://dianafea.com/.

Djerbi, A., et al. “Influence of Traversing Crack on Chloride Diffusion into Concrete.” Cement
and Concrete Research, vol. 38, no. 6, 2008, pp- 877-83,
https://doi.org/10.1016/j.cemconres.2007.10.007.

Fan, J., et al. “Multi-Physics Simulation of Steel Corrosion in Reinforced UHPC Beams under
Coupled Sustained Loading and Chloride Attack.” Computational Modelling of Concrete and
Concrete Structures, CRC Press, 2022, pp. 590-95, https://do1.org/10.1201/9781003316404-
69.

Fan, Jin, Matthew P. Adams, et al. “Finite Element Simulation of Mechanical-Electrochemical
Coupling Effects of Steel Corrosion in ECC Structures.” Fib Symposium 2021, 2021.

Fan, Jin, Seyed Masoud Shirkhorshidi, et al. “Predicting Corrosion in Reinforced UHPC Members
through Time-Dependent Multi-Physics Numerical Simulation.” Construction and Building
Materials, vol. 340, Mar. 2022, p. 127805,
https://doi.org/10.1016/J.CONBUILDMAT.2022.127805.

Ghafari, Ehsan, et al. “Influence of Nano-Silica Addition in the Durability of UHPC.”
Construction  and  Building  Materials,  vol. 94, 2015, pp. 181-88,
https://doi.org/10.1016/j.conbuildmat.2015.07.009.

Isgor, O. Burkan, and A. Ghani Razaqpur. “Modelling Steel Corrosion in Concrete Structures.”
Materials and Structures/Materiaux et Constructions, vol. 39, no. 287, 2006, pp. 291-302,
https://doi.org/10.1617/s11527-005-9022-7.

Publication type: Full paper
Paper No: 29 7



Third International Interactive Symposium on Ultra-High Performance Concrete 2023

Matthew J. Bandelt, Matthew P. Adams, Hao Wang, Husam Najm, Andrew Bechtel, Seyed
Masoud Shirkorshidi, Jin Fan. Advanced Reinforced Concrete Materials for Transportation
Infrastructure. Dec. 2022.

Michel, Alexander. Reinforcement Corrosion : Numerical Simulation and Service Life Prediction.
Technical University of Denmark, 2013.

Naaman, A. E., and H. W. Reinhardt. “Proposed Classification of HPFRC Composites Based on
Their Tensile Response.” Materials and Structures/Materiaux et Constructions, vol. 39, no.
5, 2006, pp. 547-55, https://doi.org/10.1617/s11527-006-9103-2.

Rafiee, Alireza. Computer Modeling and Investigation on the Steel Corrosion in Cracked Ultra
High Performance Concrete. Kassel University, 2012.

Roux, N, et al. “Experimental Study of Durability of Reactive Powder Concretes.” Journal of
Materials in Civil Engineering, vol. 8, no. February, 1996, pp. 1-6.

Saetta, Anna V., et al. “Analysis of Chloride Diffusion into Partially Saturated Concrete.” ACI
Materials Journal, vol. 90, no. 5, 1993, pp. 441-51, https://doi.org/10.14359/3874.

Shao, Yi, and Sarah L. Billington. “Impact of UHPC Tensile Behavior on Steel Reinforced UHPC
Flexural Behavior.” Journal of Structural Engineering, vol. 148, no. 1, 2022, pp. 1-17,
https://doi.org/10.1061/(asce)st.1943-541x.0003225.

Sohail, Muazzam Ghous, et al. “Durability Characteristics of High and Ultra-High Performance
Concretes.” Journal of Building Engineering, vol. 33, no. July 2020, 2021, p. 101669,
https://doi.org/10.1016/j.jobe.2020.101669.

Szary, Patrick, and Andrés M. Roda. Bridge Resource Program. no. August, 2014.

Zhao, Yuxi, and Weiliang Jin. Steel Corrosion-Induced Concrete Cracking. 1st ed, Joe Hayton,
2016.

Publication type: Full paper
Paper No: 29 8



