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 SEQ CHAPTER \h \r 1Dear Mr Heung:

Foundation & Geotechnical Engineering (FGE), LLC has performed drilled shaft Thermal Integrity Testing at the above referenced project. As requested, the method shaft was tested on Thursday, November 19, 2009 approximately 36hrs after casting. This report provides a thorough overview of the thermal test method, the data and its analysis, and concludes with a summary and our interpretation of the results.  
Background

Various physical, chemical, molecular principles are combined in the concept of Thermal Shaft Integrity testing that address heat production in the concrete, diffusion of the heat into the soil, and the resulting temperature signature produced by a properly shaped drilled shaft [1].  

Heat Production. The quantity of heat and rate of heat production are directly linked to the concrete mix design and the chemical constituents of the cementitious materials.  These materials are generally comprised of cement, flyash, and/or slag.  Each material produces heat when hydrating the total magnitude of which is dependent on the cementitious fraction p (by weight) with respect to total cementitious material.  The total heat production Hu can be determined from equation (1) where H is in units of Joules/gram [2].

[image: image11.jpg]













 

     (1)

Whereas the energy per gram of slag is directly indicated to be 461 J/g, the cement and flyash energy production can be determined using equations (2) and (3), respectively [2].
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Both equations (2) and (3) require precise knowledge of the chemical composition of the cement and flyash in the form of the weight fraction of the various chemical compounds, pi.  These are usually available from the concrete supplier and flyash source (municipal power plant).  The mill certification is appended to this report for the subject project.

The rate of heat production completes the application needs whereby curve fitting algorithms have been applied to extensive laboratory studies again based on the weight fraction of the various cementitious constituents.  The degree of hydration at time, te, can be determined using equation (4).
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Fig. I—Measured semi-adiabatic test results for: (a) Class
C fly ash; (b) Class F fly ash; and (c) GGBF slag mixtures.

than 15% calcium oxide, and Class C fly ashes generally
contain more than 20% of Ca0.2 During the analysis of the
results obtained from the semi-adiabatic tests, it was
determined that the total heat of hydration can best be
modeled by the formulation shown in Eq. (3) and by using
a heat of hydration of the fly ash defined by 1800 -
Pracao (J/g). where ppacao is the fly ash CaO weight ratio
in terms of the total fly ash content.

The Class C fly ash used had a CaO content of 24.3%,
which, according to the proposed formulation, will provide a
heat contribution of 24.3 x 18 =437 J/g. Similarly, the Class F
fly ash had a CaO content of 10.8%, which thus provides a
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When a equals 1.0 all hydration energy has been developed from equation (1); the parameters au, b, and t are determined again by cementitious constituent fractions, pi, shown in equations (5) – (7), respectively, as well as the water cement ratio, w/cm.
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Once test data on the of hydration development

have experimentally been determined, the data can be
represented by a best-fit mathematical model. The exponential |
formulation shown in Eq. (5) has been shown to accurately
represent the s-shape of the hydration development. 1415 The
applicability of using this mathematical form to quantify the
degree of hydration development will be shown with test
data in a following section of this paper

a(t,) = o, exp(—l}—jﬂ) 5)

where o.(7,) = the degree of hydration at equivalent age 7,.
© = hydration time parameter, h, 8 =hydration shape parameter,
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where Ais the thermal conductivity, A is the cross section area, T, and T, are
temperatures (T2>T) 1is the length and q is the heat flow.

The thermal conductivity for soil minerals, approximately 1.7W/m.°K, is higher than
those for air and water, which are 0.6 and 0.026 W/m°K respectively (Mitchell,
1993), suggesting that heat flow should be predominantly through the solids.
Furthermore, since water has higher thermal conductivity than air, a wet soil has a
higher thermal conductivity than a dry soil.

The heat capacity per unit volume of soil, C, is the heat energy required to raise the
temperature of this unit volume by 1°C. This parameter is defined by the product of
the mass specific heat, ¢ (cal/g’C), and the dry density, p (g/cm3), in accordance to:

C=p-c 2)

The mass specific heat, ¢, is a function of the temperature. It increases linearly as the
temperature increases, especially in coarse soils. The third law of thermodynamics
requires that the specific heat of any material should approach zero as the
temperature approaches absolute zero (Farouki, 1981).
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Heat Diffusion. Just as important as the energy production is the mechanism by which the heat is dissipated into the surrounding environment.  Although the thermal integrity system can be applied to all concrete structural elements, it is most commonly used for drilled shafts wherein the surrounding environment is largely dominated by a soil structure or geo-material.  

Heat flow in soils involves simultaneous mechanisms of conduction, convection, and radiation of which conduction overwhelming dominates the heat transport.  Conductive heat flow in soils is analogous to fluid or electrical systems.  The thermal conductivity, l, is defined as the heat flow passing through a unit area given a unit temperature gradient, equation (8).
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There are in the literature only a few methods that were developed for estimating
thermal conductivity of soils as a function of degree of saturation and water content
(Farouki, 1986; Johansen, 1975; Oliveira Jr., 1993). Three of these are used here.

Kersten (1949) did an extensive experimental study to predict thermal conductivity
on either fine or coarse-grained soils. He concluded that thermal conductivity could
be determined from the gravimetric water content (w) and dry unit weight (y4) by
using the following expressions:
A=(09logw—0,2)10""7* fine soils ©)
A=(0,7logw+0,4)10°°*  coarse soils
Jonhansen (1975) proposed that the thermal conductivity for a given soil could be a

function of its saturated thermal conductivity (As), its dry thermal conductivity
(hary), and a moist thermal conductivity (), as follows:

A= (/lml =y )'le + ;"dry @

A= A4 0,137.7, +64,7
o Ao = 00-09477,

Ay = qu_%(lfq)

Ao =logS +1
S -degree of saturation, y4 -dry united weight and A4 - thermal conductivity of quartz
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This value can be estimated by the geometric mean of the thermal conductivity of the individual matrix components: solids, water, and air.  Thermal conductivity of soil minerals range from 2 to 8 W/m-C (for clay to quartz, respectively); although dependent on temperature and relative humidity, water is roughly 0.6 W/m-C and air, 0.03 W/m-C. For a saturated soil, the thermal conductivity can be determined using equation (9) where n represents the volumetric fraction of water [3, 4].
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Likewise, the thermal conductivity of the solids is related to the fraction of quartz or sand, q, in the soil and is determined using equation (10). The subscript “o” denotes other soil minerals.
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Another useful heat-transfer coefficient is the thermal
Mathematically, the diffusivity is the ratio of the conductivity to

specific heat and dry density:
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pxc
The thermal resistivity (the converse of the conductivity) is seen lil
heating, and according to Brandon & Mitchell (1989) it is influenc
dry density, grain size distribution, water content and temperature.
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investigate effects of heat dissipation in tropical soils. This paper
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Not surprisingly, there is a strong correlation between thermal conductivity and mechanical properties as close contact / dense packing of the soil particles aides in transmitting heat by means of thermo-elastic waves.  When the temperature on one end of a material is increased, the atoms vibrate more intensely at that end which in turn propagates waves by way of atom to atom contact at a characteristic speed. As a result, the thermal conductivity can be related to the compression wave velocity for a given material. The strength of the bonds between atoms affects this speed which is also dependent on the heat capacity of the material [5].

The heat capacity of the soil can be determined based on the volumetric fraction of solids, water, and air wherein the heat capacity of each component is defined as the heat required to raise the temperature of a unit volume of material one degree C. The heat capacity is actually the product of the mass specific heat, c (cal/g-C), and the dry density of the soil, r (g/cm3). By defining Xi as the volumetric fraction of each component, equation (11) can be use to determine the effective specific heat of the soil matrix where Cs, Cw, and Ca represents the heat capacity of the solids, water, and air, respectively.
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In essence, two almost conflicting parameters affect heat dissipation into the surround soils: the ability to conduct heat (l) and the reluctance of the soil to be heated (C).  The more dense the material the better it conducts while also requiring more energy to warm.  This combines into an additional parameter, the diffusivity, based on equation (12) which is defined as the ratio of the thermal conductivity to the heat capacity.
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For the prediction of normal internal shaft temperature, the thermal conductivity, heat capacity, and the resultant diffusivity can be determined from boring logs whereby the soil type and blow count are used to estimate sand content and density.

Finally, the temperature diffusion is characterized by the partial differential equation (12) where the change in temperature, u, with respect to time, t, is proportional to the product of the diffusivity, k, and the second derivative of temperature with respect to distance in three spatial directions x, y, and z [6].
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   (12)
When a heat source, Q,  is added the following equation (13) governs wherein the product of the heat capacity, rCp, and the change in temperature, T, with respect to time, t, is proportional to the sum of the heat added, Q,  and the divergence of the product of the conductivity, k, and temperature gradient [7].
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This overview of heat production and dissipation provides an insight into the workings of the three-dimensional finite difference program used to predict the shaft temperature within the shaft at various thermal integrity testing times [8].  This is then coupled with shaft geometry to provide the most beneficial timeframe for conducting field testing.
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 SEQ CHAPTER \h \r 1Instrumentation

Thermal Integrity Testing of drilled shafts relies on information from a Thermal Probe which contains four infrared temperature sensors that record the internal shaft temperature as it is lowered into standard 1.5” access tubes. A depth-encoded wheel mounted on a tripod at the shaft top records the position of the probe as it is lowered into the access tubes.  Unlike CSL testing, the data is acquired as the probe descends rather than ascends; a computerized data acquisition system records the field measurements for further processing.  Shafts were equipped with seven 1.5” I.D. steel access tubes in general accordance with standard practice for tube plurality.  

Tube Numbering Convention. The tube identification / numbering used for this project assumed the northerly most tube to be No. 1 and increased in value in a clockwise fashion looking down on to the shaft top.

Analysis and Results

The intended principle on which the thermal evaluation derives usable information stems from heat generation of hydrating cement.  The analysis of measured temperature profiles requires knowledge of the concrete mix used, the cement and flyash constituents, and soil profile for the purposes of determining heat generation and soil insulation/diffusion parameters.  For typical shaft concrete mixes, thermal testing should be carried out between one and two days after concreting.  

The concrete mix design for this shaft was supplied to FGE by the Turnpike Authority and is appended to this report for completeness.  This information was used to create the input hydration energy parameters using the a, b, and t method outlined by Schindler (2005).  The model parameters assigned were 0.870, 0.681, and 15.9, respectively with an overall energy production of 59 kJ per kg of concrete; a type F flyash represented approximately 34% of the 730 lbs total cementitious /cu yd of concrete.

Prior to analysis of the field measurements a model was created based on the heat generation properties of the above concrete mix, insulation properties of the soil around the shaft and the time of the test relative to shaft construction.  The expected normal temperature varies with time as the shaft either heats or cools depending on its stage in the hydration process.  This provides insight into the acceptable timeframe for testing using the thermal integrity method. The following graph shows the anticipated temperatures for a 84 inch diameter shaft under the ambient and soil conditions at the Lake Worth Interchange site (assuming no retarders).  For this project a minimum 6 hour slump requirement was imposed using retarding admixtures.
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Figure 1.  Normal access tube temperatures for shaft sizes tested.

Thermal integrity evaluation assesses the presence of intact concrete as well as alignment of the cage.  A uniformly-shaped cylinder produces a normal temperature signature that is constant with depth assuming uniform thermal properties of the soils.  However, when compared to boring, construction, and concreting logs variations in the thermal results from the idealized constant temperature profile can be observed and discussed.  The temperature measured in each tube is presented in Figure 2 along with construction log details (e.g. bottom of casing, bottom of shaft, top of rock, etc.).
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Figure 2. Tube temperatures versus depth annotated with construction log details.
The average of all tube temperatures for all depths is a good indicator of overall shaft integrity; variations of individual tubes from the average generally suggest cage misalignment, bulges or necks. Bulges and necks in the shaft are seen as higher and lower than expected temperatures, respectively.   This can be confirmed by the concreting logs as shown in Figure 3.  The concrete logs were converted to the effective shaft diameter by computing the ratio of placed concrete volume (from a given truck) to the change in the depth to the rising concrete surface as measured during concreting.  The calculations from the first and last truck are convoluted by the volume required to fill the tremie and that volume used to over-pour the top of the shaft, respectively.  In all other regions of the shaft a close agreement with the measured temperature and shaft diameter can be seen.
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Figure 3. Average shaft temperature shown with effective shaft diameter (from concrete log).
In both Figures 2 and 3 the top of rock (TOR) was taken to be where competent rock was encountered.  The construction logs cite TOR as that where limestone was first encountered denoted herein as top of limestone (TOLime).
A simple 3-D thermal model of the shaft in a uniform environment provides a gage by which the shaft integrity can be measured. Variations in shaft size or thermal properties affect the resultant temperature. Thermal conductivity of saturated soils generally range between 1.0 and 2.5 W/m-C; the model results shown in Figure 4 used a step shaft (91” diameter temporary casing length, 84” diam. elsewhere), a soil thermal conductivity of 1.75 W/m-C, and energy production as identified previously.
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Figure 4. Subtle variations in measured temperature correspond to thermal conductivity trends.
Whereas the Figure 3 concreting log information explain the large increases in temperature, more subtle variations in the temperature profile are attributed to fluctuations in the thermal conductivity. Quartz minerals (sands) produce higher thermal conductivity than clays or limestone (7.7, 2.0, and 2.2 W/m-C, respectively). When volumetrically combined with the thermal conductivity of pore water (0.6 W/m-C), the thermal conductivity can be determined from boring log information also shown in Figure 4.  Note that in regions of higher conductivity a lower temperature is observed and vice versa.  Boring LW-1 was used to produce the thermal conductivity profile which has been attached to the end of this report.
The cage alignment can be assessed based on tube temperatures higher and lower than average temperatures. As a result tubes on opposite sides of the cage will respond with roughly equal and opposite temperature variations.  Figures 5 shows the cage alignment at six depths starting from top of shaft to bottom of shaft at depths of 10, 40, 50, 60, 75, and 100 ft. In each of these graphs the temperature is depicted as increasing radially outward.  Each of the tubes is denoted as a red dot whose angular orientation away from Tube 1 (north) is determined from actual tube spacing; the average tube temperature at that depth is shown as the thick black line.  Tubes that are shown outside the thick black line are hotter than average and therefore are farther from the excavation walls.  Tubes that are shown inside the black line are cooler than average and are closer to the shaft edge.  
For a symmetric shaft (rock socket region), a 1 deg F variation in tube temperature corresponds to a 1 inch radial change in cage position (at the time of testing).  This relationship varies with time of testing and peak core temperature.   Those tube measurements in the bulging section of the shaft (50-75ft) show increases in cover averaging 9 inches and as high as 23 inches near Tube 7.
[image: image25.emf]60


Tube Avg


125F


100F


75F


ft


Tube #1


Method Shaft


Cage Alignment at




60

Tube Avg

125F

100F

75F

ft

Tube #1

Method Shaft Cage Alignment at


Figure 5.  Cage alignment at various depths denoted by higher or lower temperatures relative to the average.

Conclusions

Based on the thermal integrity test results presented herein, there are no structural or durability deficiencies in the method shaft tested November 19, 2009 at the Lake Worth Interchange Project.  The bulk of the 15% over pour concrete (22 CY) was easily identified between the depths of 50 and 75 ft in the form of a bulge causing higher than expected temperatures.  The cage alignment was somewhat off-center in some regions but not enough to impinge on concrete cover requirements. 

The shaft concrete was dosed with admixtures causing a significant delay in the hydration initiation and overall lower temperatures than a similar mix with no retardation.  The occurrence of peak temperatures in the shaft is likely to have been delayed by as much as 24hrs.
Limitations

This report presents results from tests conducted by Foundation & Geotechnical Engineering, LLC (FGE).  Interpretations were made with the latest techniques available and our best engineering judgment.  FGE is an independent agency and is not the Geotechnical Engineer of Record.  The Geotechnical Engineer of Record should ultimately make final recommendations of drilled shaft integrity and acceptance.

We have enjoyed the opportunity to work with you on this project and will continue to stay abreast of its progress.  Feel free to contact us if you have any questions.

Regards,

[image: image5.emf]
Austin G. Mullins, Ph. D., P.E.



Christopher L. Lewis, M.S., P.E

Technical Director 





Principal Engineer

Florida License No.: 52725




Florida License No.: 58092 

FGE Certificate of Authorization No.: 26092
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