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Abstract—Concrete crane beam on a rock wall on a new
structure used in underground building has become more
common in recent year. But the concrete beam cracking
problem always perplexes scientists and engineers. In order
to solve this, the construction information inversion and
feedback analysis method is applied. A beam section was
taken as a prototype experiment. The temperature and
construction data was collected to inverse some necessary
thermal parameters. According to the characteristics of
concrete temperature field, the basic accelerating genetic
algorithm was improved. The improved accelerating genetic
algorithm has the merits of high precision and fast
calculation. With this algorithm, the calculation
temperature and measured value are very close, which
shows the method is efficiency. Then inversed parameters
were applied in the feedback simulation. According to the
simulation results, the proper temperature control method
was suggested. By this way, the concrete temperature was
controlled well and the beams appear no crack in recent two
year. The successful application shows that the inversion
and feedback analysis of concrete temperature field can
reflect the factual performance of concrete and give
important direction to engineering construction.

Index Terms—inversion, genetic algorithm, feedback
analysis, crane beam on rock wall, temperature field

. INTRODUCTION

The numerical simulation of temperature field and
stress field of concrete structure is influenced by many
factors, which include the material heat parameters at
construction site. The temperature conductivity, thermal
conductivity, surface heat transfer coefficient and
adiabatic temperature of different concrete are not same.
Even the same concrete in different circumstance
including different air temperature, humidity, wind etc,
will make some thermal parameters various. And some
parameters are various with time, especially in concrete
early age [1], which should be described by functions. An
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inaccurate parameter or functions may cause wrong
results in numerical calculation for concrete temperature
field which may induce improper construction measures
and dangerous crack.

In the past years, temperature control for mass
concrete structure such as concrete dam is emphasized
enough [2]. In fact the common concrete structure also has
the temperature stress problem which can be found from
the high frequent appearing of concrete cracking.

Concrete crane beam on rock wall is used widely in
underground structure in recent years. But the crack in
concrete beam is always a problem for designer and
constructor. Decreasing the length of beam is an efficient
way to decrease the probability of cracking. But in some
engineering, the cracks still appear even the beam length
is very short. In fact, thermal stress is a very important
potential reason to the crack [3]. To research such
problem, the factual thermal parameters are important. In
order to reflect the true temperature field and stress field
of concrete crane beam, it is very necessary to get the
accurate thermal parameters by site measuring
temperature and back analysis [4]-[5]. In the research, the
improved accelerating genetic algorithm (GA) is applied
in the back analysis.

Il. IMPROVEMENT OF ACCELERATING GENETIC
ALGORITHM

Comparing with the basic GA, the evolution iteration
velocity and efficiency of the accelerating GA has been
increased. But the low capability of local search and
premature convergence problem of the algorithm has not
been solved radically. Besides, the problem of depositing
excellent solutions has not solved by whether the basic
GA or accelerating GA. Therefore the improved
accelerating GA is proposed [6]-[7]. The core of the
improved algorithm is at two points. The first point is to
classify chromosomes according to sufficiency. The
chromosome is divided into best chromosome, middle
chromosome and worst chromosome in the proportion of
x1, x2 and x3. Here there is x1+x2+x3=1. Usually x1 is
less than 5%, x2 is less than 85%, x3 is less than 10%.
Their value is relation to the evolutionary generation |.
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The best chromosome is copied directly, the middle
chromosome participates the cross operation, the worst
chromosome participates the mutation operation. Then the
quasi progeny population is generated. The point is to
solve the problem of depositing excellent solutions and
improve the local search capability. The second point is to
introducing the niche elimination operation. It is to unite
the quasi progeny population and the first NR individuals
which are remembered before the classifying operation,
then the paired Hamming distance of the new population
are compared. Let NT=NR+n. Define the Hamming

distance as:
S; :"Vi - VJ" :‘Ié("ik - Vg’

i=1,2,..,NT-1j=i+1..,NT (1)
Suppose S is the control threshold value. If S;<S,
compare the value of individual sufficiency between
{Vi,V;}. The individual of less sufficiency is given a
greater penalty function to decrease its sufficiency
furthest. Thus the elimination rate of the punished
individual is great in the evolution course. Then the
population variety is kept and the premature convergence
is removed.

Otherwise, the common judge condition of the
population convergence is improved. Suppose the object
function value of the first NS individuals (usually
NS=(5~10 )x) after the operation of the I" and (I+1)"
generation and sorted from superiority to inferiority are

separately f' f' ., fi and f'* £ . ¥ Record

In which:

EPS =n, f, +n,T, )
NS
f. = NS ><fl|+1 - a fj|+1 (NS ><fl|+1)
j=1
- gs
fz - a (fjl+1 _ fjl )/fjl+1
j=1

n;— the control coefficient of premature convergence
index for the same generation population;

n,— the control coefficient of evolution convergence
for the different generation population.

I1l. THE PRINCIPLE OF FINITE ELEMENT METHOD FOR
THREE DIMENSIONAL UNSTEADY TEMPERATURE FIELD

According to the heat balance principle, at the arbitrary
point in the calculation area R, an unsteady temperature
field T(x y z t) must satisfy the following heat

transfer equation:
2 2 2T A
I _ &7 1T, 770, 19

= - ©)
It g™ W TPg Tt

In which, T is temperature ( ); a is temperature

conductivity  coefficient (m%h); ¢ is adiabatic

temperature of concrete ( ); t is time (d); £ is concrete
age (d).

When finite element method is used to solve a
temperature field, variation principle is applied to make
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the spatial domain discrete and the time domain
differential for (3). Then the finite element recurrence
equation of backward difference for temperature field can
be obtained:

? 1 0 1
H { - { = 4
g ]+ Dtn [R]; n+1} un [R] n}+{Fn+1} 0 ( )

in which, [H] is heat conductivity matrix; [R] is
heat conductivity supplementary matrix; {T,} and {T,,.}

are node temperature array; {F,,,} is node temperature

load array; nis time step ordinal number; Dt, is time
step length. According to recurrence (4), the node
temperature {T_,,} of next time step can be derived from

n+1

the known current node temperature {T,} .

To control the temperature in concrete, pipe cooling
are widely used, such as in the structure of nuclear power
plants [9]-[10], and in civil building concrete structure for
air-conditioning or other purposes [11]-[13]. But the
unsteady temperature field including cooling pipe is
always a hard problem to simulate.

Three-dimensional (3D) finite element method is a
powerful measure to solve this problem, and has been
studied for a long time. Early studies, such as pseudo 3D
and 3D finite element methods, were developed and used
for a long time[14]-[15]. However, the pseudo 3D method
was converted from a simple two-dimensional (2D)
analysis method and cannot correctly apply boundary
conditions for the atmosphere and cooling water
convection.

Then, some calculation methods based on heat transfer
by heat balance principle is developed, such as Jin Keun
Kim method [16]. The water temperature distribution
along the pipe can be calculated using these methods, and
the boundary conditions of the atmosphere can also be
applied. However, the temperature gradient properties are
simplified. Also based on the heat balance principle, an
explicit iterative algorithm was developed solve it [17]-
[18], which will be applied in the inversion and simulation
for the crane beam.

A typical concrete block section containing a cooling
pipe, as shown in figure 1, can be described by some cube
finite elements around the pipe. Every surrounding
element has a free face towards the pipe, as shown in
figure 2, which is the third boundary condition in thermal
calculation to simulate the heat exchange between
cooling water and concrete.

Figure 1. Sketch of pipe cooling in concrete
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Figure 2. Heat exchange faces

By studying the heat exchange between water and
concrete, the heat transfer through the pipe surface within
time dt can be expressed as:

4Q, = yds dt = - / @‘):%ds dt ©)
(] (]

where A is the thermal conductivity of the concrete, N0
is the interface between the concrete and pipe, and n is
the interface normal vector.

The heat absorbed by water flowing through the
section of pipe within time dt is

dQl = CWrWDTWqut (6)

where c,, pw and g, stand for the specific heat, density

of water and flux, respectively, and AT, is the water

temperature difference between the inlet and outlet of the
pipe section.

Given that the volume of the pipe is very small, and
the water body heat increment in the pipe section can be
neglected. From (5), (6), the water temperature increment
within the pipe section can be found:

-/ T
DT, =—@‘”—d“ S 7
" wawqw & n ( )

Because the inlet water temperature is known, the
water temperature at any pipe section along the pipe can
be calculated step by step. If there is a water pipe divided
into several pipe sections and the water temperature
increment of one pipe section is AT,; and the inlet water
temperature is Ty, then,

1
o]
Twi :TWO + a DTWj (8)
j=1
Because the unknown temperature gradient on the
interface between the concrete and pipe affects the water
temperature distribution along the pipe, it is a non-
linearity problem of the boundary conditions and cannot
be solved directly. Therefore, an iterative method should
be used.

For the first iteration, the water temperature along
water pipe is assumed equal to the inlet water temperature.
The approximate solution of the temperature field can be
calculated with (4). Then, the water temperature
distribution along the water pipe can be calculated with (7)
and (8). The process is then repeated until the water
temperature distribution along the water pipe and the
concrete temperature field reaches a steady-state solution.

Copyright © 2011 MECS

IV. ENGINEERING APPLICATION

A. Computation Parameter and Condition

A crane beam on rock wall is usually in a rock cavern.
The rock is the base of the crane beam. The parameter of
the rock is also important in calculation. According to
detecting and test, the thermal parameters of the rock are
gained, seen in table I.

TABLE |
THERMAL PARAMETERS OF SURROUNDING ROCK

Heat e Linear | Temperature

Rock type| ~ conductivity S?E](;'If('c heat\ - oetficient conductivity
/ (k3 K(mshke)) | SVG D05y | amim)

Basalt 7.8372 0.886 0.68 0.0032165

The merit of a crane beam on rock wall is saving the
concrete pillar. But at the same time, extra long bolt must
be applied in the beam and rock wall. The length of bolt
is about 8~12m, the horizontal space between two bolts is
about 0.7m. Because the number of bots and its function
on load which influences the stress in beam evidently, the
bolts should be considered in numerical calculation. Bolt
is man-made homogeneous material. It is simple to get its
thermal parameters, seen in table II.

TABLE Il
THERMAL PARAMETERS OF BOLT

Heat e Linear Temperature

Bolt Type|  conductivity i"ﬁ;'ﬂc healle setficient conductivity
/ (k3 [(mxRc)) [CRIKS N sy amim)
40Si,MnV 163.29 0.46 1.65 0.04522

Concrete thermal parameters are the most important
parameters in the temperature field simulation. Because
part of the thermal parameters that will not change in
construction and running, can be gained by experiment in
lab [8], such as the parameters shown in table I1l. Some
other parameters are necessary to be inversed, such as
boundary conditions.

TABLE Il
PARTS OF THERMAL PARAMETERS OF CONCRETE

Heat e Linear Temperature
conductivity i’?::](;'lf('c heat Coefficient conductivity
/ (3 (mxakcy) | SKIka N qg 5 a(m?/h)
9.6868 0.874 0.85 0.00434

B. The Prototype Experiment

The first built crane beam is taken as the prototype
experiment. Some temperature sensors are set in it before
concrete pouring. Once the beam concrete is poured,
temperature measuring work begins. The external factors,
such as pouring temperature, pipe cooling course, air
temperature, surface covering condition, etc, should be
also recorded during all the measuring work. Figure 3
shows the excavated rock wall before the crane beam is
poured. Figure 4 shows the crane beam in construction.
The beam segment in the picture left half has been poured
and is protected by form board. The picture right half in
figure 4 shows other beam segments which are just steel
reinforcement cages. The white line is the cooling water

1.J. Image, Graphics and Signal Processing, 2011, 1, 1-9




4 Inversion and Feedback Research on the Temperature Control and Crack Prevention for
Concrete Crane Beam on Rock Wall

transit pipe from a pool. Figure 5 shows the form board
which is named VISA mould. The mould will keep the
surface of concrete smooth and compact. It can also
provide some insulation effect, so it is an important
boundary condition in the numerical simulation, which
should be inversed correctly.

Figure 3. Rock wall before beam built

-

Figure 5. VISA mould of the crane beam

There are always some errors in the recorded data
because of human or machine. All the data should be
analyzed and the unreasonable data must be eliminated
before they are used in the inversion.

C. The Mesh for Inversion and the Sensor Location

Figure 6 shows the whole finite element mesh for
inversion, which includes part of surrounding rock, one
segment of crane beam, bolts in rock wall and beam. The
whole mesh includes 35784 nodes and 32411 elements.
To simulate the factual situation, cooling pipe is also
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disposed in the mesh. The pipe cooling course will be
calculated with the explicit pipe model. The bolt layout
and the pipe layout with their grid are shown in figure 7
and figure 8 separately. The calculation time step length
is same as the interval of measuring. The air temperature,
pipe inlet water temperature, water flux are same as the
measured value.

The sensors are set at the center section location. The
location of five sensors is shown in figure 9. The inner
sensors are N1, N2 and N3. Sensor D4 and C5 are used to
measure the temperature near concrete surface. D4 is 5cm
to the beam top and C5 is 5¢cm to the beam side.

L |
Sy

LT

/
e

L ]

e

// ///
L

/
A

Figure 6. Finite element mesh for inversion

Figure 7. Bolt layout in beam

Figure 8. Pipe layout and its gird in beam
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Figure 9. Sensor location on beam section

D. Experiment and Inversion Results Analysis

The measured data is input as known condition in the
inversion program. After many times optimization, the
best parameters are gained as follows.

Concrete adiabatic temperature: g,

Concrete adiabatic temperature curve:
g=40.00" (1- &%)

Heat transfer coefficient of form board

b, 9.18kJ(m*h- )

Heat transfer coefficient of wet felt

b, 2261kJ(m>h- )

Heat transfer coefficient of pipe wall

b, 45.42kJ(m*h- )

Heat transfer coefficient of uncovered concrete
b, 3237kIm>h- )

Based on the site application of the temperature
control method, comparing the inversed results with
measured data, the following recognition can be gained.

40.00

(1) From the air temperature curve in cavern (figure
10), the maximum air temperature is 22.69 , minimum
air temperature is 19.06  during the first 8 days age.
And the maximum air temperature difference in one day
is only 2.50 . It explains why there is no greater wave
on the temperature curves of surface sensor D4 and C5.
Another way, the day and night temperature difference in
cavern is evidently less than outside.

23
22
21
20
19
18

Ar tenerature/

0 2 4 6 8
Tine/d

Figure 10. Air temperature curve in cavern
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(2) The beginning time of pipe cooling is late in the
prototype experiment. The cooling start at the 14th hour
after the concrete poured. Seen from figure 11, the
maximum water temperature difference between pipe inlet
and outlet is 12.80 . Itis a too high value. Because in the
first 14 hours, concrete hydration reaction is taking place
rapidly while no pipe cooling is working. When the pipe
starts cooling, much heat quantity has gathered inside the
concrete beam. After the temperature peak in concrete,
the water temperature difference between pipe inlet and
outlet decreases and becomes stable. The inversion
results also show such rule.

‘+Inlet +th|et‘

Mt er t enper at ur e/
N
[43)
T

Ti ne/ d

Figure 11. Water temperature curves of cooling pipe inlet and outlet

(3) Figure 12~16 show the measured and calculated
temperature curves of different sensors. The calculated
data is gained on the base of inversed parameter. Most of
the data fits well which reflects the inversed parameters
are reliable and can be applied in the future concrete
temperature forecast and control of the crane beam.

‘—@qulation . Maasuring‘
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N
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0 1 2 3 4 5 6 7 8
Qncrete age/ d

Figure 12. Measured and calculated temperature curves of sensor N1
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Figure 13. Measured and calculated temperature curves of sensor N2
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Figure 14. Measured and calculated temperature curves of sensor N3
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Figure 15. Measured and calculated temperature curves of sensor D4
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Figure 16. Measured and calculated temperature curves of sensor C5

(4) Under the situation of lack of test data, some

thermal parameters can be gained by inversion calculation.

It shows adequately the importance and necessity of
concrete thermal parameter inversion.

E. Feedback Analysis of the Crane Beam

The feedback calculation is applied for the beam
constructed later on the base of inversion. According to
the site situation in the first several months, it was found
that the factual pouring temperature and cooling water
temperature is relative steady. So their sensitive analysis is
not necessary to carry out. In the following simulation
cases, the duration time of surface preservation is
researched.

At first the calculation conditions are presented.

As for case 1, the thermal parameters of concrete are
same as the inversion calculation. The wet felt on the top
of beam is also simulated. The pouring temperature is
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20.0 . The water cooling begins after the pouring with
the water temperature of 13.0  and the flux of 3.00m%h.
The cooling keeps 7 days and the water direction is
changed every 12 hours. The mould and felt is removed
at the age of 14th day.

As for case 2, the mould and felt is removed at the age
of 7th day. The other calculation situation is same as case
1.

As for case 3, the mould and felt is removed at the age
of 30th day. The other calculation situation is same as case
1.

From the calculation result of case 1, the top
temperature of point N1, N2 and N3 is 33.47 , 35.09 ,
36.02 , and the occur time is the 1.75th day, the 2.00th
day, the 2.00th day separately. The temperature curve of
N3 is shown in figure 17. The internal max tension stress
never exceeds the allowable tensile strength. For example,
the max tension stress of point N3 is 1.16MPa occurred at
the 60th day, which is not more than the allowable tensile
strength of 1.25MPa, as shown in figure 18. The line in
figure 18 with the sign of 2.0 ¢ a is the allowable tensile
strength curve with a safety factor of 2.0. In the next
stress curve figures, the sign is the same meaning. From
figure 18, it is obviously that the surface stress always
keeps lower than the allowable tensile strength.

—*— N3-temperature

Temperature/ C
[ye]
o

0 20 10 60 80 100 120
Age/d

Figure 17. Temperature curve of inside point N3 in case 1

[—*—M3 6l ™ 2002 |

1.4

L2 crrorsesoned
i: 1
< 0.8
£o6
Z 0.4
0.2
0

0 20 10 60 80 100 120
Age/d

Figure 18. First principle stress o ; curve of inside point N3 in case 1

Figure 19 shows the temperature comparison curves
of top face point D4 calculated in case 2 and case 3.
Figure 20 shows the first principle stress comparison
curves of top face point D4 calculated in case 2 and case
3, including the allowable stress curve. Figure 21 shows
the temperature comparison curves of side face point C5
calculated in case 2 and case 3. Figure 22 shows the first
principle stress comparison curves of side face point C5
calculated in case 2 and case 3, including the allowable
stress curve.
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Figure 19. Temperature curves of D4 in case 2 and case 3

Stress/MPa

Seee 5
oM W O 00— N

0 20 10 80 80 100 120
Age/d

Figure 20. First principle stress o 1 curves of D4 in case 2 and case 3
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Figure 21. Temperature curves of C5 in case 2 and case 3
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Figure 22. First principle stress o ; curves of C5 in case 2 and case 3

From the calculation result of case 2, the max internal
temperature and stress do not change obviously
contrasting with case 1. But the surface temperature and
stress change much. When the covering materials are
removed at the 7th day, surface temperature decreases
suddenly. It changes from 22.17  t0 18.93
After the removal, surface temperature waves apparently
with the day and night air temperature difference. The
surface tension stress increases suddenly form 0.63MPa at
the 7th day to 1.06MPa at the 7.5th day. The value is near
the current allowable tensile strength 1.09MPa. Then the
stress keeps rising as the temperature decreasing until it
reaches 1.15MPa at the 8.5th day which exceeds the
current allowable tensile strength 1.12MPa. After the top

Copyright © 2011 MECS

in only 0.5d.

value, the stress goes down because the temperature
difference between internal and surface becomes less. In
the later age, the surface tension stress keeps lower than
the allowable tensile strength.

From the calculation result of case 3, the temperature
decreasing amplitude is less when removal occurred at the
30th day, which is only 0.5 in 1.0d. Wherever the top
face or the side face, the surface tension stress can always
satisfy the allowable tensile strength.

Because the heat exchange coefficient of side face is
lower than the top face, the removal of covering materials
makes more influence to the side face temperature and
stress, especially removing at 7th day. The temperature
decreasing amplitude of side face point C5 drops is 3.60
in 0.5d after the removal and the corresponding stress
increases from 0.65MPa to 1.12MPa, which exceeds the
current allowable tensile strength. In the later 2 days, the
stress keeps raising to 1.20MPa, which is still more than
the allowable tensile strength. While the temperature and
stress does not change suddenly if the removal occurs at
30th day, and the stress does not exceed the allowable
tensile strength in the whole construction time.

The above analysis shows that the preservation
material and covering time have much influence on the
concrete surface temperature and stress. As for the
preservation material with lower heat exchange coefficient,
the removal time should be later.

At the same time, the extent and time of surface
preservation also depend on the extent and time of water
cooling. If the extent of water cooling at early age is more,
the surface covering removal can be earlier. Judging from
the site situation, the pipe input water temperature is not
controlled strictly, and parts of the pipe linker have water
leakage which leads to the flux unsteady. Under such
situation, the surface covering time can not be shortened.
It should be more than 14.0d.

V. CONCLUSIONS

The prototype experiment of concrete crane beam on
rock wall is carried out to get the temperature of different
points inside the beam. Then the improved accelerating
genetic algorithm and temperature field finite element
program are applied to inverse some important thermal
parameters of concrete. Comparing the measured data
with calculated data, they are very close. It shows the
inversion method is effective. The inversed parameters are
applied in the feedback simulation. According to the
simulation results, the proper temperature control method
is suggested. On the base of above research working, the
following conclusions are drawn.

(1) The prototype experiment for concrete temperature
is simple and feasible, which can be easily operated. The
experiment results can satisfy the feedback analysis
calculation and engineering construction.

(2) The back analysis and simulation in construction is
a gradually optimizing course. It can reflect the factual
performance of concrete and give important direction to
engineering construction.
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(3) In the inversion of concrete thermal parameters
course, the improved accelerating genetic algorithm has
the merits of high precision and fast calculation. It
overcomes the shortage of traditional optimization method,
most of which show a series deceleration when the
inversion parameters become more, easily fall into the
local extreme value, be hard to converge because of error
transfer. It is worthy to be applied widely in civil
engineering.

(4) The feedback analysis shows that the preservation
material and covering time have much influence on the
concrete surface temperature and stress. As for the
preservation material with lower heat exchange coefficient,
the removal time should be later.

(5) The extent and time of surface preservation is
related to the extent and time of water cooling. If the
extent of water cooling at early age is more, the surface
covering removal can be earlier.
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