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Modeling of Stress-Strain Relationships
for Concrete Damaged by Freezing and Thawing Cycles
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Abstract

This study investigates the dependence of mechanical behavior of concrete, such as strength, stiffness,
and deformation capacity on the damage caused by freezing and thawing cycles (FTC). FTC is a typical
environmental action that directly causes deterioration in the mechanical properties of concrete. The
purpose of this study is to develop the stress-strain models for FTC-damaged concrete in tension and
compression. The models are intended for both simple calculation of sectional member strength and finite
element analysis of plain and RC concrete structures that have been damaged by FTC. For this purpose,
_some series of experimental works have been carried out. Air-entrained and non air-entrained concrete
specimens in shapes of cylinders and prisms were tested according to ' ASTM C666-92, or in a climate
chamber where temperature and moisture conditions can be controlled. In the chamber the specimen
temperatures were recorded together with the air temperature. After a certain number of FTC, the
specimens were mechanically loaded and concrete strains were carefully measured.

The damage of concrete under FTC was associated with the hydraulic pressure in the pore space system
and the internal shrinkage due to water redistribution during sub-zero temperature. Strains induced during
FTC tests in the small cylinder, small prism, and big prism specimens were measured. Considering the
measured strains during FTC and water transport in porous media such as concrete, the damage
mechanism of concrete due to FTC was proposed. FTC causes the degree of saturation of pore structures
in concrete to grow up. Concrete under FTC gets damage after the saturation of pore structures is reached.
Once the concrete gets damage at certain cycle of FTC, the relative dynamic elastic modulus rapidly
decreases for the following cycles of freezing and thawing. The number of FTC to have the saturation
condition of pore structures is different for different test method and different type of concrete. If the
saturation of pore structures is not reached due to the fact of no possibility to contact with water or
maximum temperature in frost cycles less than 0 °C, the damage of concrete will not happen.

From the experimental results, it can be seen that air-entrainment concrete has the different damage under
the effect of FT'C compared to non air-entrained concrete. The damage in non air-entrained concrete is
more severe than that of air-entrained concrete. Air-entrained concrete does not show the reduction of
strength and stiffness in tension even after being exposed to 305 cycles of freezing and thawing. However,
strength and stiffness in compression reduces as increasing the number of FTC. In non air-entrained
concrete, strength and stiffness decays in both tension and compression. Even though strength and
stiffness of air-entrained concrete in compression decrease as increasing the number of FTC, the
reduction is less than of the case of non air-entrained concrete. Air-entrained concrete also has less plastic
tensile strain compared to non air-entrained concrete at the same number of FTC,

Concrete tested in water showed the different damage from concrete tested in air at the same number of
FTC. The concrete tested in water gets damages with smaller number of FTC compared to the concrete
tested in air, because the concrete tested in water enables to have saturation condition of pore structure at



the smaller number of FTC and results in internal crack under the effect of expansion of water volume
during solidification. The concrete tested in air with possibility to contact with water such as tested in this
study can also experience the increasing saturation of pore structures with number of FTC and gets full

saturation condition in a larger number of FTC. Once the full saturation condition is reached, the damage
progress of concrete tested in air is the same with that tested in water.

The reduction of strength and stiffness in compression of concrete under FTC is different from that in
tension. The degradation of compressive strength and stiffness increases as plastic tensile strain induced
by FTC increases. On the other hand at low plastic tensile strains no reduction in tensile strength and
stiffness. Reduction of strength and stiffness in tension increases with the degradation of relative dynamic
elastic modulus.

The stress-strain model for concrete damaged by freezing and thawing prior to the application of static
compression loading was proposed based on the concept of plasticity and fracture of concrete constituent
element. The FTC fracture parameter was introduced to explain the degradation of the initial stiffness of
concrete resulting from freezing and thawing damage. Based on the experimental data, the FTC fracture
parameter was empirically formulated as a function of plastic tensile strain caused by freezing and
thawing with an assumption that the plastic strain was caused by the combined effects of FTC and
mechanical loading damages. The stress-strain relationships obtained by the proposed model were
compared with the experimental data.

The stress-strain model for FTC-damaged concrete under static compression load was extended for
combined effects of FTC and cyclic loading. In order to find the stress-strain curve, the cyclic loading
was applied on the concrete with different degree of FT'C damage. The plastic strain induced by cyclic
loading was added to plastic strain under the effect of static loading, considering the effect of FTC. In the
model under cyclic loading, the reloading and unloading stiffness at one loading cycle were not constant.
In order to express this phenomenon, the reloading and unloading stiffness factors were introduced. The
factors were empirically formulated as a function of maximum stress level, number of loading cycles,
mechanical equivalent strain and remaining tensile strain caused by FTC. The stress-strain relationships
calculated by the proposed model were compared with the experimental data.

In order to study stress-strain relationship in tension including softening part of FTC-damaged concrete, -
three point bending tests were performed at different degrees of damage. A tensile stress-strain model

before peak stress as well as a tensile stress-crack width model were developed. The model development

was based on the assumption that the damaged concrete loses its stiffness because of the fracturing of

some constituent elements in the concrete during FTC. The tension softening behavior of the concrete is

also affected by FTC. The crack width corresponding to the complete tensile stress release increases as

increasing damage caused by FTC.

Using the models developed in this study, several concrete beams that have been affected by FTC were
analyzed by finite element method. A non-linear finite element program (HUCOM) was used. The"
maximum loads and load-deflection curves of analytical results were compared with the experimental
data, A good agreement between the analytical and experimental results for FTC-damaged concrete
confirms the applicability of the models.
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