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Abstract: A theoretical prediction method based on the change
of concrete material is proposed to evaluate the ultimate
bending moment of concrete beams which have undergone
freeze-thaw cycles (FTCs). First, the freeze-thaw damage on
concrete material is analyzed and the residual compressive
strength is chosen to indicate the freeze-thaw damage. Then,
the equivalent block method is employed to simplify the
compressive stress-strain curve of the freeze-thaw damaged
concrete and the mathematical expression for the ultimate
bending moment is obtained. Comparisons of the predicted
results with the test data indicate that the ultimate bending
moment of concrete beams affected by FTC attack can be
predicted by this proposed method. However, the bond-slip
behavior and the randomness of freeze-thaw damage will affect
the accuracy of the predicted results, especially when the
residual compressive strength is less than 50% .
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ultimate

he freeze-thaw cycle (FTC) attack is one of the most
T severe factors that lead to the durability deterioration
of existing reinforced concrete structures in cold re-
gions'"™. As FTCs are repeated, the concrete material
gradually loses its strength and stiffness with the growth of
the internal cracks caused by the volume expansion of
freezing water stored in the pore system of concrete” ™.
Several reports have been focused on the performance of
concrete material under FTCs” ™. However, little atten-
tion was paid to reinforced concrete members and pres-

13-15
: 1. For concrete structures,

tressed concrete members
concrete material deterioration will cause load-bearing ca-
pacity degradation, which eventually makes the whole

structure incapable of service. Thus, there is a growing
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need for methods to evaluate the freeze-thaw damaged con-
crete structures. A method for predicting the ultimate load
bearing capacity of freeze-thaw damaged concrete struc-
tures is proposed, testified and discussed in this paper.

1 Foundations of the Prediction Method

1.1 Indicators of freeze-thaw damage

In the assessment of the freeze-thaw damage on con-
crete, various indicators, such as the relative dynamic
modulus of elasticity (RDME), compressive strength and
etc., must be measured after a specified number of FTCs.

The RDME is the most popular indicator of freeze-thaw
damage in many test standards, such as ASTM C666/
C666M-03""" | GB/T 50082—2009"", etc. The test of
RDME is developed from the analysis of a homogeneous
rod under free flexural vibration. Thus, it is assumed that
the specimen is homogeneous and elastic. However, this
assumption is not quite true for concrete material, espe-
cially for freeze-thaw damaged concrete material. For un-
damaged concrete material, as shown in Fig. 1(a), the
assumption is reasonable because the whole specimen is
tightly bound by cementitious materials and the volume
ratio of the micro-cracks to the specimen is very low,
which means that vibration can be transmitted through the
specimen easily. For freeze-thaw damaged concrete mate-
rial, as shown in Fig. 1(b), the situation is different. As
FTCs go on, the original micro-cracks will grow larger
and new cracks will form. Hence, the specimen will be
separated into a few micro-units and cannot be treated as
a homogeneous material any more.

Fig.1 Development of micro-cracks inside the specimen under
FTCs. (a) Undamaged status; (b) Damaged status
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Another feasible indicator of freeze-thaw damage is the
compressive strength of the freeze-thaw damaged concrete
cube. In the compression test, it is appropriate to assume
that the undamaged concrete material is homogeneous be-
cause the micro-cracks tend to close under compression.
When performing the compression test on the freeze-thaw
damaged concrete cube, it is still reasonable to believe
that the specimen is homogeneous, because some of the
cracks induced by FTCs (i. e. horizontal cracks) will first
be compacted by the compressive force from the test ma-
chine before the concrete cubic is ruptured, which can be
regarded as a process of “crack closure”(see Fig.2)!"".
In the compressive stress-strain curves of the freeze-thaw
damaged concrete, the initial parts of the ascending bran-
ches are not so steep as the following parts of these as-
cending branches, revealing a “crack closure”.
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Fig.2 Stress-strain relationship under compression

Comparing the two indicators mentioned above, the
compressive strength is better than the RDME theoretical-
ly. In addition, the RDME tends to recover itself if it is
not measured timely, especially in high-strength con-
crete. However, the compressive strength varies relative-
ly little as time goes on'"”'. Last but not least, the com-
pressive strength is a more effective indicator, which di-
rectly affects the behaviors of the freeze-thaw damaged
concrete structures.

1.2 Uniaxial compression behavior after FTCs

There are lots of internal micro-cracks, mainly existing
in the paste and paste-aggregate interfaces when concrete
hardens even if there is not any load or environmental
effect. When submerged into water, these cracks will
suck water into the concrete pore system. As the tempera-
ture drops below the freezing point, water will turn into
ice accompanied by a 9% volume increase, which causes
tensile stress inside the concrete. If the tensile stress ex-
ceeds the tensile strength of concrete material, new inter-
nal cracks will initiate and the old ones will open wider.
As FTCs are repeated, more and more water will be ab-
sorbed into the concrete during thawing, causing larger

expansion and more internal cracks during the next freez-
ing process. The load carrying area will decrease with the
formation and growth of internal cracks, which leads to a
decrease in the compressive strength. Since there are less
micro-units to carry the load, each unit will reach its elas-
tic limit more quickly. Hence, the compressive behavior
of concrete becomes
strength and the Young’s modulus decrease, while the
peak compressive strain and the ultimate compressive

softer. The peak compressive

strain increase (see Fig.2)"®". The damage level in Fig.
2" is re-rated in terms of residual compressive strength.

2 Theoretical Prediction Method
2.1 General considerations

Based on Refs. [15, 19], the theoretical prediction is
carried out by the following assumptions:

1) Plane sections before bending remain plane after ben-
ding. This assumption is proved to be true in Ref. [15].

2) The tensile strength of the concrete may be neglec-
ted. Due to freeze-thaw damage and the low tensile
strength of the undamaged concrete, the freeze-thaw dam-
aged concrete can barely carry tension.

3) The simplified stress-strain curve of the freeze-thaw
damaged concrete is shown in Fig. 3 and the curve is de-
termined by
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where g, is the compressive strain in the concrete; o,
is the compressive stress corresponding to g ; f, is the
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Fig.3 Compressive stress-strain curve of concrete
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compressive strength of the undamaged concrete; f.' is
the compressive strength of concrete after FTCs; g, is
the peak strain when the stress is equal to f.'; &' is the
ultimate strain of the freeze-thaw damaged concrete; f,, ,
is the characteristic compressive strength of the undam-
aged concrete cube; fi , is the characteristic compressive

" is a coeffi-

strength of the concrete cube after FTCs; n
cient.

The former tests performed by our team show that the
peak compressive strength and the Young’s modulus
decrease, while the peak compressive strain and the ulti-
mate compressive strain increase '*'. Therefore, the
stress-strain curve, especially the peak strain &, and the
ultimate strain g., of the freeze-thaw damaged concrete,
need improvements. The modified &; consists of two
parts, i.e. the peak strain of the undamaged concrete g,
=0.002 +0.5(f,, —50) x 10~ and the correction factor
k — (ffT/ﬂ) —(17.208 5exp( - (f.,,/7.13924)) +1.303 96) . Thls COITeCtion
factor is derived from the nonlinear fitting of the test re-
sults in Ref. [ 18]. With freeze-thaw deterioration, &.

will also increase with the decrease of f, \T ‘-

c

However, the

increasing rate of .. is slower than that of g;'. In the ex-

FT
cu *

treme case, &, is equal to ., . Hence, it is necessary to
limit &}, =&, .

4) The stress-strain curve for steel is perfect elasto-
plastic, and the ultimate strain is 0. 01. Commonly,
FTCs have little effect on steel, which substantiates this

assumption.
2.2 Ultimate load bearing capacity

In order to simplify the mathematical expression, the ac-
tual shape of concrete compressive stress block is replaced
by an equivalent rectangle. The equivalent rectangle has
the same area and point of action as the actual concrete
compressive stress block ™. Therefore, the freeze-thaw
damaged equivalent parameter o is calculated as

FT 2
ot
n 41 gl
allrr= FT 2 FT (6)
R
T+ ) (0T +2)\ ) AT 1 T

Then, based on the classic formulae of material me-
chanics with minor adjustments, the ultimate load bearing
capacity of the freeze-thaw damaged beam can be calcu-
lated as

o b =f,A AL, + (0l £, AL (T)
X 1A !
M =Sy =) +£LAL - al) -
(rly ~Fy ) A}y =) ©

where b is the beam width; x is the height of equivalent
rectangular stress block; f, is the tensile strength of the

steel bar; f, is the compressive strength of the steel bar;
£,y 1s the tensile strength of the prestressed tendon; f, is
the compressive strength of the prestressed tendon; o, is
the stress of the prestressed tendon when the stress of con-
crete at this layer is equal to zero; A, is the cross-section
area of the tensile steel bar; A! is the cross-section area of
the compressive steel bar; A is the cross-section area of
the tensile prestressed tendon; A is the cross-section area
of the tensile prestressed tendon; M'' is the ultimate ben-
ding moment of the freeze-thaw damaged beam; A, is the
effective height; a’_ is the distance from the action point
of the compressive steel bar to the edge of the compres-
sive stress block; @, is the distance from the action point
of the compressive prestressed tendon to the edge of the
compressive stress block.

3 Verification Tests

3.1 Materials

Two concrete mix designs (named type A and type B)
are used. The components and mix designs for the con-
crete materials are described in Tab. 1 and Tab. 2.

Tab.1 Materials used for the concrete mix

Components Materials
Cement P - O, 42.5R cement
Water Tap water

Fine aggregates River sand, fineness module 2.6
Coarse aggregates
Fly ash

Additives

Crushed stone, 5 to 31.5 mm
Class II fly ash

JM-9 composite water reducing agent

Tab.2 Concrete mix designs and basic properties

Ingredients and basic properties Type A Type B
C/(kg - m™%) 463 380
Water-cement ratio 0.38 0.46
S/(kg +m™?) 599 712
G/(kg-m~?) 1139 1103
F/(kg-m™3) 62 50
A/(kg - m™?) 8.93 6.02
Air content of fresh concrete/ % 2.8 3.0
Compressive strength/MPa 80.3 69.0

Hot-rolled ribbed steel bars (HRB335) of either 10 or
8 mm diameter were used as the longitudinal reinforce-
ment. The stirrup was a cold-drawn wire with a diameter
of 4 mm. The prestressed reinforcement was a 5 mm low-
relaxation steel wire with a nominal ultimate strength of
1 570 MPa. The physical and mechanical properties of
these reinforcements are shown in Tab. 3.

3.2 Specimens

For each type of concrete, four kinds of specimens
were prepared ;

1) Twelve cubic specimens (100 mm x 100 mm x 100
mm) , three as a group, were used to test the residual
compressive strength after a specified number of FTCs.



Ultimate load bearing capacity evaluation of concrete beams subjected to freeze-thaw cycles 525

Tab.3 Physical and mechanical properties of the reinforcements

. Yield Ultimate Young’s
. Diameter/
Reinforcements strength/ strength/  modulus/
mm
MPa MPa GPa
10 373 526 186
Steel bar
360 517 176
Stirrup 4 462 569 187
Prestressed wire 5 1 550 1624 198

2) Three prismatic specimens (400 mm x 100 mm X
100 mm) were used to test RDME during FTCs.

3) Twelve prestressed concrete beams with straight pre-
stressed wires, three as a group, were used to test the
bending response after specified number of FTCs ( see
Fig.4(a)).

4) Twelve prestressed concrete beams with curved pre-
stressed wires, three as a group, were also used to test
the bending response after specified number of FTCs ( see
Fig.4(b)).
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Fig. 4  Prestressed concrete beam (unit; mm). (a) With

straight prestressed wires; (b) With curved prestressed wires

3.3 Program

The freeze-thaw test followed the Procedure A in
ASTM C666/C666M-03""%.
freeze-thaw in water, the temperature of the specimen

In this procedure of rapid

was decreased from 5 to —16 ‘C and then increased from
-16 to 5 C over a period of 2.8 h, during which the
cooling time took 2.0 h and heating took 0.8 h; i.e. 28.
6 % of the time was used for thawing. Moreover, the
time taken to decrease the core temperature of the speci-
men from 3 to —16 C was about 1.7 h, and to increase
it from —16 to 3 C was 0.75 h. The period of transition
between the freezing and thawing phases of the cycle was
5 min. All specimens were tested after 0, 75, 100, 125
FTCs, respectively.

4 Results and Discussion
4.1 Compressive strength and RDME

The test results of the RDME and the residual compres-
sive strength are shown in Fig.5. The compressive

strength of type A and type B concrete decrease in a simi-
lar way. However, the RDME of type A does not de-
crease obviously before 100 FTCs, while the RDME of
type B remains only 3% after 125 FTCs. For type A con-
crete, the compressive strength drops faster than the
RDME. On the contrary, for type B concrete, the RDME
drops faster than the compressive strength. This reinforces
that the compressive strength may be a better indicator of
freeze-thaw damage.
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Fig.5 Test results of concrete material damaged by FTCs

4.2 Ultimate bending moment

The test results of this experiment as well as those of
the experiments performed by others "'’ are listed in
Tab. 4. The predicted results calculated from Egs. (3) to
(8) are shown in Tab. 4.

From Tab. 4, it is clear that FTCs reduce the compres-
sive strength of concrete material, which lead to a reduc-
tion in the load bearing capacity, and this trend is sharper
when the concrete damage aggravates. The layout of pre-
stressed wire affects the load bearing capacity most when
the concrete is slightly damaged; however, as damage
goes on, the effect of concrete type becomes more and
more dominant. Moreover, the experimental results sug-
gest that the prestressed concrete beam with higher
strength concrete and curved prestressed wire performs
better under FTCs.

4.3 Comparison and discussion

The reliability of the proposed method for predicting
the load bearing capacity of freeze-thaw damaged beams
is shown in Fig. 6. Results show that the failure load is
better estimated while the concrete strength remains more
than 50% . More than half of the predicted results are
on the safe side (M, /M, ., <1), and most of the pre-
diction errors remain less than 10% . In other words, if
the margin of error is + 10% , the predicted results are
reliable except for damaged beam HD2.

The overestimation of HD2 is 46% , which is larger
than the FEM result in Ref. [ 14 ].
of the bond-slip behavior which might exist in concrete

This is partly because
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Tab.4 Summary of beam test results

Length/  hxb/ hy/ NV AV f1/  Steel bar/  Stirrup/ M, o/ M,y yum”
Reference Name
m  (mmxmm) mm MPa MPa MPa mm mm (kN-m) (kN -m)
QRI 1.0 150 x 100 111.28  80.3  61.9  51.5 2410 +345 1844 14.55 14.28
QDI-1 1.0 150 x100  111.28  67.3  50.7  43.5 2410 +345 184 14.28 14.01
QD12 1.0 150 x100  111.28 58.4  43.5  38.6 2410 +3¢5 18¢4 14.20 13.78
QD13 1.0 150 x 100 111.28  48.7  35.7  32.6 2410 +345 1844 14.02 13.40
QR2 1.0 150 x 100 104.31  80.3  61.9  51.5 2410 +3¢5 1844 11.92 13.23
QD2-1 1.0 150 x 100 104.31  67.3  50.7  43.5 2410 +345 18¢4 11.87 12.97
QD22 1.0 150 x 100 104.31 58.4  43.5  38.6 2410 +345 1844 11.85 12.73
This paper QD23 1.0 150 x 100 104.31  48.7  35.7  32.6 2410 +345 1844 11.74 12.36
QR3 1.0 150 x 100 111.28  69.0  52.1  44.6 2510 +3¢5 1844 12.99 14.09
QD3-1 1.0 150 x100  111.28 55.6  41.3  37.1 2410 +3¢5 184 12.75 13.49
QD32 1.0 150 x 100 111.28 45.2  32.8  30.2 2410 +345 1844 12.58 13.25
QD33 1.0 150 x 100 111.28  30.8  20.4  20.6 2510 +3¢5 1844 12.19 12.18
QR4 1.0 150 x100  104.31  69.0  52.1  44.6 2410 +3¢5 184 11.87 13.05
QD4-1 1.0 150 x100  104.31 55.6  41.3  37.1 2410 +3¢5 184 11.81 12.71
QD42 1.0 150 x 100 104.31 45.2  32.8  30.2 2410 +345 1844 11.70 12.21
QD43 1.0 150 x 100 104.31  30.8  20.4  20.6 2510 +345 1844 11.46 11.13
HR1 4.4 500 %200 430 56.2  41.8  37.6 4420 28¢8 317.1 313.52
HDI 4.4 500 x 200 430 26.2  16.5 17.5 4420 2848 259.3 252.0
HR2 3.0 300 x 200 260 56.2  41.8  37.6 3620 1848 135.5 136.91
Ref. [21] HD2 3.0 300 x 200 260 26.2  16.5 17.5 3420 1848 70.0 102.3
HR3 4.4 500 %200 430 56.2  41.8  37.6 6420 3248 411.4 434.03
HD3 4.4 500 x 200 430 26.2  16.5 17.5 6620 3248 276.3 295.6
HR4 3.0 300 x 200 260 56.2  41.8  37.6 5¢420 2248 162.5 166. 42
HD4 3.0 300 x 200 260 26.2  16.5 17.5 5420 2248 66.0 70.3
GRI 1.0 150 x 100 120 45.8  33.3  30.6 2410 1694 7.15 6.45
GD1-1 1.0 150 x 100 120 39.4 27.8  26.4 2610 16¢4 6.90 6.36
GD12 1.0 150 x 100 120 32,1 21.5  21.5 2610 1644 6.64 6.18
GD1-3 1.0 150 x 100 120 25.2 15.7  16.9 2410 164 6.26 5.93
GR2 1.0 150 x 100 120 45.8  33.3  30.6 2612 164 11.35 11.22
GD2-1 1.0 150 x 100 120 39.4 27.8  26.4 2612 1644 11.08 10.87
GD22 1.0 150 x 100 120 32,1 21.5  21.5 2412 1644 10. 68 10.23
Ref. [22] GD2-3 1.0 150 x 100 120 25.2 15.7  16.9 2412 1694 10.01 9.34
GR3 1.0 150 x 100 120 51.5  38.0 34.4 2612 16¢4 11.52 11.44
GD3-1 1.0 150 x 100 120 44.8 324 30.0 2612 1644 11.25 11.15
GD32 1.0 150 x 100 120 37.1  25.8  24.8 2412 1644 10.89 10. 64
GD3-3 1.0 150 x 100 120 29.9 19.6  20.0 2612 164 10.41 9.94
GR4 1.0 150 x 100 120 51.5  38.0 34.4 2614 16¢4 12.57 12.58
GD4-1 1.0 150 x 100 120 44.8 324 30.0 2614 1644 12.26 12.21
GD42 1.0 150 x 100 120 37.1 25.8  24.8 2414 164 11.70 11.57
GD43 1.0 150 x 100 120 29.9  19.6  20.0 2414 1694 10.90 10. 69

Notes: 1) The letter “R” in names represents the undamaged beam. 2) 4 and b are the height and width of the cross-section; A, is the effective

height; fg,r = is the mean compressive strength of the concrete cube after FTCs;

after FTCs; fme is the mean compressive strength of concrete after FTCs; M,

T

.« 1s the characteristic compressive strength of the concrete cube

u,exp 18 the ultimate bending moment of the tested specimens; M,

is the ultimate bending moment predicted by Eqgs. (3) to (8). 3) The yield stresses of the steel bars are 670 MPa for ¢ 20 mm in Ref. [21], 373
MPa for ¢10 mm, 489 MPa for ¢12 mm and 402 MPa for ¢p14 mm in Ref. [22].

beams with damage of more than 50% by FTCs. Moreo-
ver, it is reported that the freeze-thaw induced cracks of
HD2 were mostly parallel to the longitudinal axis of
beams, which have a decisive influence on the fracture of
concrete in compression'”"’. These may account for the
disagreement between the theoretical and experimental re-
sults of HD2.

The load bearing capacity of freeze-thaw damaged

beams can be evaluated following the method presented
in this paper. The compressive stress-strain behavior of
concrete blocks is the key to the load bearing capacity
prediction. For most reinforced and prestressed concrete
beams, the compressive behavior of concrete can be easi-
ly obtained through drilled concrete cores from the main
structure or pre-casted blocks which experienced the same
environmental condition as the main structure. Thereafter,
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Fig.6 Comparison of results from experiments and theoretical
predictions

the ultimate load bearing capacity can be calculated by
Egs. (7) and (8), which is familiar to most civil engi-
neers. Though the prediction method is reliable for most
of the concrete beams when the concrete strength loss due
to FTCs is less than 50% , it is significant that bond-slip
behavior will influence the accuracy of the prediction
when the compressive strength loss is more than 50% .
The size-effect of freeze-thaw damage was not researched
thoroughly, but Ref. [ 23] showed that the frost-damage
might significantly differ at various distances from the ex-
posed surface. Thus, when evaluating concrete structures
with larger sections, frost-damage distribution is an im-
portant factor.

5 Conclusions

1) The compressive strength of concrete is proved to
be a better indicator of freeze-thaw damage on concrete
material than RDME.

2 ) Based on the characteristics of the compressive
stress-strain curve of freeze-thaw damaged concrete, a
theoretical method to predict the ultimate bending moment
is proposed.

3) Comparisons of the predicted results with the exper-
imental data show that the load bearing capacity of freeze-
thaw damaged beams can be predicted by the proposed
method.

4) Two factors, the bond-slip behavior and the frost-
damage distribution, affect the prediction of the failure
load, especially when the residual compressive strength is
less than 50% .
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