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CRACKING DUE TO TEMPERATURE GRADIENT IN CONCRETE
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Abstract: Mass concrete is used in many projects relatetigartassive construction such as raft foundations,
pile caps, thick beams, walls and dams. Since cemglration is an exothermic reaction, the tempgeeatise
within a large concrete mass can be quit high. A®salt, significant tensile stresses and straiay ime
developed from the volume change associated wihitbrease and decrease of temperature within #es m
concrete which will lead to crack the concrete.dBsacaused by thermal gradient may cause losguaftstal
integrity and monolithic action or shortening of\gee life of the structures. The objective of thesearch is to
determine the thermal strain variation from arisemgerature datawhich in turn can be used to predietther

the relevant concrete section is going to be ctckenot by comparing with tensile strain capac#jues.
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1 Introduction

According to ACI 207[1], “Mass Concrete (MC)is algrge volume of concrete with dimensions
large enough to require that measures be takempe with the generation of heat and attendant
volume change to minimize cracking.”

The most important characteristic of mass concietéhermal behavior. When Portland cement
combines with water, the resulting exothermic (kredgasing) chemical reaction causes a temperature
rise in the concrete mass. The actual temperasgrermass concrete structures depends upon the heat
generating characteristics of the concrete mixtitsethermal properties, environmental conditions,
geometry of the MCstructure, and construction ctowlé. Since concrete has a low conductivity, a
great portion of generated heat is trapped in tder of mass concrete element and escapes very
slowly. This situation leads to a temperature gratlibetween center and outer part of the mass
concrete element. Temperature gradient is a causteffisile stresses, and when stress exceeds the
tensile strain capacity of concrete,“Thermal Crdakesformed in the concrete structure.

Usually the peak temperature is reached in a feyg ttaweeks after placement, followed by a slow
reduction in temperature. A change in volume ocdarghe MC structure proportional to the
temperature change and the coefficient of thermphmesion of the concrete. If volume change is
restrained during cooling of the mass, by the fatioth, the previously placed concrete, or the
exterior surfaces, sufficient tensile strain camedi@p to cause cracking. Cracking generally ocaurs
the main body or at the surface of the MC structiliteese two principal cracking phenomena are
termed Mass Gradient and Surface Gradient crackirspectively [1].

In this study, Tensile Strain Capacity (TSC)of a@te is used with the results of temperature aiglys
to determine the risk of forming cracks in MC.

2 Literature Survey

ACI207.1R contains detailed information on heateagation, volume change, restraint, and cracking
in concrete. The analysis procedure for Surfacedi@md was carried out according to the method
given in technical report by U.S. Army Corps of Eegrs [1]. Surrounding data was taken from
“CIRIA Report 91 — Early age thermal crack conirotoncrete” [3].
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2.1 Surface Gradient Analysis

Surface gradient cracking occurs due to the “IrdeRestraint”,in which changes in thetemperature
profile across the element can cause one partri@dtef the section to restrain the movement of
another part (interior) of same section. Strain wssd as a basis for the surface gradient cracking
analysis, sinceit is not suitable to rely upon ¢bastant Modulus ofElasticity as it varies with a&e
temperature of the concrete.

The strain due to thermal gradient in concrete@ddiermined by equation (1) given inACI 207.2R,
) £=(Cy,)(dT)(Kg)

Where,

€= induced tensile strain (x TP

Cw= coefficient of thermal expansion - x 40 C

dT= temperature difference with respect to interiongerature - deg C
Kgr = internal restraint factor

Typical values for the coefficient of thermal expamm for mass concrete are in the range 5-14'x 10
®/°C. Fora constant value of 10.5 xITC coefficient of thermal expansion was considemdthis
study.

2.1.1 Surface gradient restraint factor @

The degree of restraint cannot bedetermined exhatlgan be estimated based on the thickness of the
exterior surface layer being restrained. The ragtfactor,Kg, is computed from following equations
depending upon the value bfH, whereL is the monolith width (between joints or betweenl® of

the monolith) and H is the distance from the imtestrain and stress-free surface (Thermal neutral
surface) to the exterior surface, called “Tensidock Width” as shown in Figure 2.1

For L/H greater For L/Hlessthan
or equal to 2.5 2.5
L/H=-2]"" L/H-1]""
2 Ko=|—= Kg=|——
@) R L/H+1} R {L/H+10}

The Ki can be determined from equation (2)
Joint of monolith end

Thermal
neutral
/ surface
\ @
/ -
Exterior \ =
surface N

Tension .
olock <—’—> Compression
Figure 2.1Surface Gradient Restraint Model

2.1.2 Determination ofdT andH

The temperature distribution can induce tensiorr tiegasurface and compression within the interior
of concrete. ACI 207.2R states that for sectionabitity, the summation of tensile stresses (and
strains) induced by a temperature gradient in aggsection must be balanced by equal compressive
stresses (and strains).

Therefore,thetemperature differences (dT) are gedrio provide equal tension and compression in

the section, providing a graphical representatioih® surface gradient restraint model (Figure.2.1)
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While Negative temperature differences are prodyuciensile stresses, positive temperature
differences produce compressive stresses (Fig@je Bhe location of dT=0 determines the location
of the tension block relative to the exterior suefgH). By equating the shaded positive and negativ

areas in Figure 2.2, H can be calculated.
EXTERIOR EXTERIOR
SURF ACE SURFACE

BALANCED  TEMPERATURE

DIFFERENCES

DISTANCE ACROSS MASS CONCRETE, m

Figure 2.2 Shape of the Balanced TemperatureDistribution

The main steps in calculating tensile strain duteboperature distribution are given in Figure 218 a
the detailed description is included in “Case Study

REFERENCE (BASE) TEMPERATURE TEMPERATURE NORMALIZED TEMPERATURE
> DIFFERENCE DIFFERENCE

A 4

A

BALANCE TEMPERATURE
Kr
4—‘ H |4

Figure 2.3:Method of Finding Tensile Strain

TENSILE STRAIN

A

Reference (Base) temperatures for a surface gitadiealysis are defined as the temperatures in the
structure at the time when the concrete beginsatddn and material properties begin to develop. It
wasassumed that concrete begins to gain elasticdb? hrs after mixing.

3 Experimental Investigation

3.1 Temperature Rise in Concrete Cube
A 1.5m concrete cube was cast on ground with plyivimemwork on sides and bottom. Top surface
was insulated with a polystyrene sheetand a samual.la

In order to obtain temperature distribution fixéertmo couples (TC1 to TC6) were embedded at the
centre of the block as shown in Figure 3.1.150mm thick ] 10mm thick

sand layer polystyrene
1 TCi] |}
tee| g
| =
LJj TC3T
M~
o
5 | .
- LJU TCc4 |
S \
| TCS |
|
oy Tcel /

I
| 1.5m i

Two layers of

Figure 3.1The Typical Concrete Mass 1Bmm ek
plywood sheets
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Temperature data obtained from thermo couples laogvrs in Table 3.1. Temperature changes or

differences have been determined by taking the teasperatures as temperatures at the concrete age
of 2 hr.

Temperature distribution — C
Location distance(h) 2 hr 12 hr 18 hr 24 hr 48 hr  hr2 96 hr 120 hr

TC1 0.000 30.39 49.28 57.84 60.00 57.53 49.20 43.1237.76
TC2 0.100 31.12 52.8 62.16 64.32 61.74 52.56 45.2839.46
TC3 0.375 31.20 59.44 68.56 71.84 68.96 58.72 49.8442.72
TC4 0.750 31.15 60.64 70.72 74.32 71.92 60.80 51.3643.92
TC5 1.125 31.17 59.6 68.96 71.52 67.70 57.68 49.2842.64
TC6 1.500 30.46 50.16 56.4 57.28 54.86 48.08 42.4837.96

Table 3.1 Temperature Data

Temperature distribution

7 z ~0.000
~ 65 /?\ - 0.100 —
S} I \\ 0.375
g 45 ~1.125__
g N, 1500
€ 35
i) M

25 T T 1

0 100 200 300
time (hrs)

Figure 3.2Temperature Variation of the Concrete Section Withe
Temperature differences relative to the base teatypess are shown in Table 3.2.

Table 3.2 Temperature Difference

h 2.0 12.0 18.0 24.0 48.0 72.0 96.0 120.0
0 0.00 18.89 27.45 29.61 27.14 18.81 12.73 7.37
0.1 0.00 21.68 31.04 33.20 30.62 21.44 14.16 8.34

0.375 0.00 28.24 37.36 40.64 37.76 27.52 18.64 211.5

0.75 0.00 29.49 39.57 43.17 40.77 29.65 20.21 12.77

1.125 0.00 28.43 37.79 40.35 36.53 26.51 18.11 711.4

15 0.00 19.70 25.94 26.82 24.40 17.62 12.02 7.50

Firstly, Normalized temperature differences areawt®d by subtracting the surface temperature
differences from the corresponding interior tempee differences at the same time intervals
(seeTable 3.3).

Table 3.3Normalized Temperature Difference

h 2.0 12.0 18.0 24.0 48.0 72.0 96.0 120.0
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.1 0.00 2.79 3.59 3.59 3.48 2.63 1.43 0.97
0.375 0.00 9.35 9.91 11.08 10.62 8.71 5.91 4.15
0.75 0.00 10.60 12.12 13.56 13.63 10.84 7.48 5.40
1.125 0.00 9.54 10.34 10.74 9.39 7.70 5.38 4.10
15 0.00 0.81 -1.51 -2.79 -2.74 -1.19 -0.71 0.13
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ThenBalanced Temperature (dT)can be calculated duateng positive and negative areas (by
integrating) of normalized temperature differentgtribution. Those Balanced temperature values are
shown inFigure 3.3.Consequently, Tension Block W4d{H)that underwent tensile stresses at each
age of the concrete,were calculated (table 3.4).

Balanced temperature - ;2
6.0 ~4d T
e e L . )

N ‘2‘8 D . ig Table 3.4Tension Block Widths
o = ) N T
e 00 //// \k ~12di  Time(hr) 12.0 180 24.0 480 720 96.0 120.0
® -2.00] 0.5 1.0
L 404 Top(m) 0.318 0.280 0.284.287 0.295 0.309.327
© /
o 807 Bot.(m) 0.298 0.310 0.33®.354 0.331 0.34®.327
e -8.0 S
~-10.0 \

-12.0 -

Horizontal distance (m)
Figure 3.3Balanced Temperatures
Kr(Restraint factors) were calculated according &dtuation (2) and given in Table 3.5.

Table 3.5Restraint Factors

12.000 18.0 24.0 48.0 72.0 96.0 120.0
Top surf. 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.1m from top 0.791 0.796 0.796 0.795 0.794 0.793 .79@
Bot. surf. 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Out of interior nodes, only a node which was lodadelm below from the top should be considered,
because all other nodes are located in compressioe. Assuming the Coefficient of thermal
expansion as 10.5 x P0C, induced tensile strainswere found by using eéqndfl) and are shown in
Table 3.6.

Table 3.6:1nduced Tensile Strain values in millionths

time 12.0 18.0 24.0 48.0 72.0 96.0 120.0
top surface 86 87 95 92 76 51 38
0.1m from top 45 40 46 44 38 29 22
bottom surface 77 103 125 121 89 58 36

Figure 3.4 shows thetensile strain variation wiithetfor top, bottom and 0.1m below top surface.

120.00
1 =&—top surface
100.00 = hottom surface
m \ ——0.1m below from top
80.00 - \
60.00 \
1000 YN

20.00

tensile strain (millionths

0.00 & T T T T
0.00 50.00 100.00 150.00 200.00 250.00 300.00

time (hrs)

Figure 3.4Tensile Strain Variation with Time
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It can be seen that maximum tensile strains weveldp at the age of 24 hrs.

3.2 Tensile Strain Capacity of Concrete
Tests were carried out to obtain the tensile sttapacity of Gr 40 concrete.Three types of testewe

conductedrapid load flexural beam test, Compressive streteghandSplitting tensile teSince the
strains due to surface gradients develop more Isgpifte Rapid-load beam test was conducted.

3.2.1 Rapid Load Flexural Beam Test

MECHANICAL STRAIN
GAUGE 12"

v v
15OmmJﬁJ

—
TF%U M =

=
|
2
' 4
£
£
¥
£
£
=

|

T pem
et _mmnm--mmmnm 1

-

Figure 3.5Loading Arrangement of Rapid Load BeamTest
Test Specimens and mix design properties
Table 3.7 gives No. of beams tested at each ageeatd able 3.8 gives the mix proportions of Gr 40

concrete (Slump — 180 mm)used in the test series.
Table 3.7:No of Test Beariiable 3.8:Mix Proportions of Gr 40 concrete

17.5 hrs 24 hrs 42 hrs 144 hrs  Material Quantity
Cement 485 kg
3 nos of 2nosof 2nosof  2nosof Sand + Quarry dust (1:1) 762 kg
beams beams beams beams Machine crushed Aggregate 1009 kg
Admixtures (Super Crete) 4800 ml
Water 160 kg

Test Method
Loading of the beams was done in accordance wéhptbcedure given in CRD-C 16 [2]. For each

loading age, beams were loaded at a rapid loaditegaf 0.28 MPa/min.The loading arrangement is
shown in Figure 3.5.

A continuous record of load and strain was obtaittedughout the test by a “Mechanical strain
gauge”untilthe beam failure.

Results
Ultimate tensile strain capacities at each ageaen in Table 3.9.

Table 3.9Tensile Strain Capacities
17.5hr 24 hr 42 hr 144 hr

21.7 24.7 30.0 32.9
168 213 228

Time
Failure Load (kN)
Strain Capacity (millionths) 156

Compressive strength andsplitting tensile strenfitoncrete at critical ages are given in Tablé®3.1
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Table 3.10Strength Results

Age of the concrete (hrs) 17.5 24.0 42.0

Compressive
Strength (N/mm2)
Tensile
Strength (N/mm?2)

18.1 21.2 43.5

1.647 2.147 2.563

4 Analysis of Results and Discussion

4.1 Backward Analysis
Based on equation (1), for a given tensile straipacity, maximum temperature difference (dT) can
be calculated at maximum restraint g (See Table 4.1)

Table 4.1 Temperature Differences forrKl

Strain capacity Cin, millionths/deg

€(millionths) c Kr dT
156 105 1 14.86
168 10.5 1 16
213 105 1 20.29
228 10.5 1 21.71

The determination of the variation betweennormalizemperatures vs. distance is a trial and error
process. The variation should be a polynomial fiemcof fourth degree. Tension block width was
assumed and therefore, the known coordinates artollasvs (Table 4.2). According to those
coordinates, a relevant graph could be drawn.

Table 4.2:.Coordinates of graph for g1

X 0 H 1.5-H 1.5

Y |0 dT dT 0

temperture difference(c)

The area of the graph should be equated by thedYas to satisfy tension and compression stresses
equal. The final graphs obtained from the abowegss are given inFigure4.1.
temperature difference

30

=-5034%¢ + 151.05C - 194 05¢ + 12115+ 2E-11
. 17 5hr
y= 43489 + 13047¢ - 1220965 111 36x + 2E-11
25 Z4hr

Ashr
Y =-39.005¢ + 117.008 - 147 92 + 90 244% + 1E-1 144hr

—Poly. (17.5hr
20 - { }

—Faly. (24hr)
%.13M 128272 +M :EZ:& E?ig:ﬂ
148

o

i 0.z 0.4 0.6 distance (A 1 1.2 1.4 1.6

Figure 4.1Balanced Temperature curves fogl

Therefore maximum temperature differences arexangn Table 4.3,
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Table 4.3Maximum Temperature differences

Age 17.5 24 42 144
Maximum normalized temperature 20.4 215 28 29.5
Max. Norm. temp. for slow load test 28 30 38 41

norm. tem (C)

Since the tensile strain capacity values shouldriodtiplied by 1.4 [1], to determine the tensile
capacity values under the slow loading, the tempegalifferences are also varying as given in Table
4.3.

These normalized temperature differences are deedldy subtracting the surface temperature
differences from the corresponding interior tempaeadifferences at the same time intervals.
normalized temperature

30

25 Flok Area

—4—allowable maximum norm. temp.

20 —=— actual norm. temp.

a 20 40 60O =ln 100 120 140
time (hrs)

Figure 4.2:.Comparision of Temperature values

Figure 4.2 shows that allowable maximum tensileac#jes are clearly much higher than the actual
ones. The allowable maximum temperature differencasnot be determined before 17.5 hrs
accurately, because actual strain capacities cammaibtain through an experiment due to practical
difficulties.

4.2 Discussion

In this case, to evaluate induced tensile stralnegin surface gradient analysis it has usednstrai
values but not stress values. This is becausearitiduced strain values would not in the regibn o
elasticity but may be in the region of plasticifijherefore it is impossible to find Modulus of

Elasticity value to convert these strain valuesttess values.

Tensile strain capacity values found from this eipental part were lower values than the actual
values due to following two errors.

Strain values were not due to the “Pure Bending”

In four point flexural loading test, the lengthvaliich the pure bending occurs is 150mm. But strain
meter used here had 300mm length. Therefore stneter reading is not due to the constant pure
bending. Hence, actual strain capacity values wezater than the values obtained from the test.
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Strain meter could not measure curve length
Since the strain meter was a mechanical onenitipossible to measure curved lengths

On the other hand, to get more accurate tensiknsttapacity values, it is necessary to take
measurements through a “Data Logger” by using idreaed 150mm strain gauge.

When dealing with thermal effect of mass concrdtectures, normally maximum temperature
difference within the concreteis limited to 20 Chrdugh a back calculation, it was found that the
minimum allowable temperature difference is aro@@5 C at the age of 17.5 hr for rapid load
tension test &28.0 C for slow load tension test dified by 1.4) for this particular concrete block.
Furthermore this difference got higher with thergase of the age of concrete. Therefore, from this
approach, one can predict the maximum temperatifferehces exactly at each age for a given
concrete section. Placement temperature of theremn@1 C did not make any effect on thermal
stresses according to this analysis. Finally, it lba concluded that maximum lift height of 1.5m can
be safely applicable for concreting in the par@écyiroject.
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