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Abstract

Analyzing and modeling the thermal behavior of mass concrete elements has been widely investigated by several
researchers. Lately, many contemporary finite element packages have embedded modules for analyzing thermal
behavior. Unfortunately, these packages are quite complex and require experts to be properly implemented. This paper
proposes a simple and practical approach using the 3D-Finite Difference Model (3D-FDM) developed by MS-Excel to
overcome the complexity of the other FE models. The model is utilized to predict the thermal behavior of actual bridge
pile caps (3D model) rather than the previously developed 2D models in earlier research. The results of the analysis are
compared with the concrete temperatures that were experimentally obtained from the site. Site data was collected using
18 thermocouple probes (K type) that were installed in two pile caps. These thermocouples were installed before
concrete pouring to monitor the temperatures generated due to the exothermic reaction of the cement, which occurs
during casting and the maturity period of concrete. The readings were registered every 3 hours for 7 days after concrete
placement. This research provides a comparison between the recorded site data and the thermal analysis based on the
proposed 3D-FDM. Results proved that concrete temperature time histories at different locations of the bridge pile caps
could be properly predicted using the developed 3D-FDM.
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1. Introduction

Concrete is globally used as a practical and economical material in different construction projects, especially for
infrastructure projects such as bridges. Hence, mass concrete abutments, piers, and pile caps are constructed to satisfy
bridges’ crossing capacities [1, 2]. Mass concrete is defined as any concrete element with dimensions large enough to
require extra precautions to avoid excessive heat caused by cement hydration and cracking [3]. Cement particles emit
large amounts of heat, known as heat of hydration, after coming into contact with water [4]. The temperature is high in
the middle section of mass concrete elements at early ages and lower in the outer parts [5].

Concrete’s core temperature rises rapidly in the first few days. On the other hand, the element’s surface dissipates
heat into the adjacent environment, which causes a steep temperature variation between the core and the exposed
surfaces. This irregular temperature distribution causes volumetric changes during the early age of concrete, which
creates tensile strains and stresses within the concrete mass [6]. The heat inside the concrete block results in tensile
stresses in situations where concrete cannot move freely. If these tensile stresses exceed the concrete's tensile strength,
tightness, cracking, and possible damage to the concrete element can occur, which will eventually affect the service
life of the structure [7, 8].
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Temperature cracks appear in mass concrete elements as a result of temperature stresses exceeding the critical
ones. These cracks affect and destroy the stability and integrity of the structure [9]. Previous research stated that
analyzing the heat of hydration of mass concrete structures is hard due to the fact that they have several heat transfer
properties and several materials [10]. Hence, the temperature change is a significant parameter that should be
considered in the research, design, and construction of mass structures, as illustrated by Zhang et al. [11].

The Portland Cement Association [12] assured that the rate of heat generation is greatest at early ages. The greatest
rate of heat liberation takes place within the first 24 hours, and a large amount of heat is produced within the first 3
days. Therefore, a thermal control plan is mandated for mass concrete elements by installing thermal sensors and
monitoring the temperatures in certain locations within the concrete mass. If internal temperatures surpass 70°C,
micro-cracking will occur, causing durability issues due to internal deterioration [13-15].

To cope with the prompt schedules of the construction industry, contractors have recently started to use high-
binder content concrete mixtures, allowing for early-age strength to speed up formwork removal. As a result of
increasing the amount of cement in the concrete mix, both the temperature gradient between the surface and the core
and the peak temperature increase. This indicates comparable behavior to mass concrete [16]. During the first few
days after casting concrete, the potential temperature difference causes high-temperature gradients, particularly in
cases of significant temperature variations between day and night. The interior of the concrete can reach as high as 70°
C, while the surface cools down very fast due to ambient temperature. Gajda [17], Leon & Chen [18] also stated that
the thermal behavior of concrete elements is affected by the thermal properties of aggregates, size of the structure,
type of formwork, location, insulation, and ambient conditions as well. Other researchers noticed that concrete's
thermal properties are not affected by age and that the type of coarse aggregate has a great effect on conductivity,
while the original water content has less effect [19]. In mass concrete elements, concrete thermal modeling gives
designers and contractors the opportunity to estimate the elevation of temperature within concrete elements before
pouring, which allows them to adapt their construction and production techniques to handle and manage these
circumstances [20].

Several researchers [13, 20, 21] mentioned different techniques that can be used to minimize the thermal gradients
and peak temperatures as well, like cooling the concrete components to reduce the concrete's initial temperature,
selecting convenient aggregates with a low coefficient of thermal expansion, using modified or low-heat cement, using
nitrogen cooling, pipe cooling, insulated formwork, or using thermal blankets to insulate the concrete element. These
are the most effective and economical precautions that can be implemented to control early-age cracking [22, 23].
Since it is intractable to run such precautions during construction, it is possible to predict the development of
temperature in advance so that appropriate precautions can be preplanned and implemented accordingly.
Consequently, temperature-time prediction histories of mass concrete structures have become of significant concern
for both project engineers and contractors, as mentioned by Maruyama & Lura [24] and Chu et al. [25].

2. Finite Element and Finite Difference Modeling in Previous Research

Many techniques and tools were used to predict the temperature-time history of mass concrete structures.
Schmidt’s technique and Carlson’s technique were utilized before the computer era, applying simplified finite
difference solutions to specify the single nodes' temperatures in time increments. In both techniques, concrete was split
into small elements, and each element's temperature was deemed to be the average of the surrounding elements'
temperatures [26].

In the 1930s, the Schmidt technique was presented as a simple FDM to calculate the temperature rise in concrete
structures. The Schmidt technique was also the foundation for many finite element packages [27]. Recently,
spreadsheet programs have been used to perform such repeated calculations more accurately [28]. Additionally, the
Finite Difference Method (FDM) can predict temperature histories in large concrete elements using a built-in macro
developed using a spreadsheet. To overcome the differences in heat generated, another spreadsheet program applying
Schmidt’s method using an empirical prediction model was proposed [7, 29].

In 2004, research proposed a 2D finite difference solution to the heat equations to model the profiles of the time-
based temperatures. But it had the strong limitation of developing only a 2D model, yet it was an improvement to the
Schmidt technique as it considered the hydrating cement heat escalation [30]. Also, the authors stated that wide
research was conducted using FEM, and a couple of studies extended the 2D modeling technique of thermal behavior
into a 3D model.

FEM has proven to be an outstanding theoretical base in engineering and scientific applications by providing
reliability and accuracy, as mentioned by Zhu et al. [31]. Different models and programs were developed to predict the
temperature elevation in concrete. Some were designed for mass elements, while others could be used for any element.
But it has to be kept in mind that computer models for predicting heat rise can be a little cost-effective for some
countries [27]. The authors also discussed several sophisticated tools, but it was noted that the users must have a
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strong background in hydration and cement chemistry to be able to utilize these tools properly with convenient
assumptions. Moreover, uploading other materials and new cement types will necessitate a highly detailed analysis.

Contemporary researchers presented computer programs that predicted concrete temperatures by applying the
Finite Difference and Finite Element Models to analyze the resulting thermal stresses [32, 33]. Some of these
programs took into consideration different aspects such as the properties of constituent materials, concrete mixture
ratios, building geometry, formwork type, curing alternatives, and environmental circumstances for temperature and
crack predictions [34-36]. Commercial finite element-based software packages were also used to analyze mass
concrete elements' thermal behavior. FEM-based software was applied to imitate the cold-water pipe-cooling
technique, which decreased the temperature elevation in a massive bridge element. The influence of formwork type
was investigated as well, using a FEM-based model to emulate the mass concrete elements' external heat loss and
incorporating a convection model for the surface of the formwork made of steel. Additionally, to achieve more reliable
outcomes, initial values and boundary conditions should be determined to consider field conditions. Factors like
ambient conditions, initial concrete temperature, type of formwork used, and the time of formwork removal should be
considered, as mentioned by Yikici & Chen [37].

Ultimately, it can be concluded that a great number of temperature prediction studies have been developed, but a
practical and simple tool that can be used in developing countries is still missing. Consequently, the lack of decision-
making in the construction industry in these countries regarding formwork removal time, insulation practices,
precooling, and post-cooling techniques is up-to-the-minute. To close this gap, this research introduces an alternative
approach for institutions in developing countries that can reasonably predict the thermal behavior of mass concrete
elements.

3. Objectives

Although many earlier researchers investigated the thermal behavior of massive concrete elements using numerical
models, these models are complicated and necessitate experts to be used properly. This research presents a simple and
practical approach to creating a 3D-Finite Difference Model using MS-Excel. The proposed model can predict the
thermal behavior of actual bridge pile caps (3D model). Moreover, a comparison between the recorded site data using
18 thermocouples and the thermal analysis based on the proposed 3D-FDM is introduced. Figure 1 demonstrates the
methodology of this research in order to fulfill the previously mentioned objectives.

Literature review

Developing 3D-FDM model to solve the basic
differential equation of heat transfer

Applying the 3D-FDM on Applying the 3D-FDM on
Case Study 1 Case Study 2
Compare the calculated Compare the cal cul ated
temperature variation with temperatir e variation with
time with the measured time with the measured
values values
Discussion and Conclusions

Figure 1. Flowchart of the research methodology

4. Project Overview
4.1. High Speed Railway Project

High-asset-value projects are widely constructed lately in developing countries as they introduce dynamic
additions to the countries’ road and highway networks [38, 39]. The “High-Speed Railway” (HSR) project is a modern
railway network that connects Al Ain Sokhna City on the Red Sea coast with New Alamein City on the Mediterranean
Sea coast, passing through the New Capital and Alexandria, as shown in Figure 2. The railway mainly rests on earth
embankments, except for some local zones and intersections where it is supported by concrete structures (bridges or
culverts).
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Figure 2. Path of HSR project in Egypt

One of the investigated elements is a pile cap located in the El Badrasheen Sector (HSR project). The rectangular
pile cap of the bridge (9.6 x 13.2 x 3.0 m) is considered a mass concrete member as the depth of the pile cap (3.00 m)
is the critical dimension. The second pile cap is located in October Sector (HSR project), with the same dimensions as
the first pile cap, as shown in Figure 3. Consequently, their construction and early-age temperature profile were
monitored and analyzed. The temperature development in a mass concrete structure is affected by many factors, such
as the soil profile, environmental and boundary conditions, concrete mix design and proportions, and cooling method,
as discussed previously. Therefore, the pile caps were studied before, during, and after the placement of concrete.
Some of the significant information regarding these pile caps is presented and discussed in the next sections.
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Figure 3. Location of the investigated pile cap in October Sector (HSR project)

4.2. Project Specifications

According to the project’s specifications [40], a large pour is where the least dimension of the concrete element is
greater than 1.35m. The contractor must take special measures with large pours to control temperature differences
within the following limits:

e The temperature of the concrete at the time of placement must not exceed 22°C.

e The peak hydration temperature should not override 70°C. If the temperature overrides 70°C, the related part of
the concrete must be demolished.

e The rise in temperature during hydration must not exceed 40°C.
e The difference in temperatures between any concrete face and the interior of the concrete at a distance of one
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meter from that face should not exceed 15°C at any stage after the placement of concrete.
e The concrete temperature must be recorded at intervals not exceeding 6 hours for 7 days.

To insulate and protect the concrete surface, the formwork should be lined with insulating materials, and the
surface of the concrete should be protected as soon as possible after the initial set has taken place. This should be
accomplished by covering the concrete surface with 100 mm of sand kept continuously wet for 10 days.

4.3. Temperature Monitoring

Thermal sensors are usually used to monitor the temperature of the internal core and external surface of the
concrete to make sure that the temperature differences are within the accepted limits. At least six temperature sensors
are required for each mass concrete pour, with one sensor at the center of mass, as indicated by Bobko et al. [41]. For
the investigated pile caps, 18 thermocouple probes (K type with a resolution of 0.1°C/1.0°C) were installed in
concrete. This allowed for the monitoring of the temperatures generated by the exothermic reaction of the cement
during casting and the maturity period of the concrete in the structure. Each pile cap was instrumented with a total of 9
thermocouples (K-type) at the top, middle, and bottom levels in the left, center, and right sections of the pile cap, as
shown in Figure 4.

Figure 4. Thermocouple probes (K-type) locations in the pile caps

Continuous temperature monitoring was carried out every 3 or 6 hours for 7 days once the pouring of the concrete
started (from 1:00 PM 8" of June 2022 to 10:00 AM 15" of June 2022). Figure 5 presents the used temperature
measurement tools for concrete before pouring and after hardening.

Figure 5. Measuring the temperature of concrete using the display unit

4.4. Materials and Mix Proportions

The concrete mix was designed to reach the required compressive strength of 450 kg/cm? after 28 days with a
slump of 220 + 20 mm. Ice was used to ensure that the temperature of the fresh concrete will not exceed the specified
temperature of 22°C before pouring.

The used materials are natural siliceous sand (fine aggregates), two sizes of dolomite crushed stones (12.5 and
19mm) (coarse aggregates), potable water, low heat cement (CEM III - 42.5 N), and two types of super-plasticizers
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Ha-Be-Fm240 (added to produce high-quality concrete), and NitCal50 (added to avoid corrosion). Table 1 summarizes
the used proportions of the concrete mix.

Table 1. The used concrete mix proportions

Item Weight (kg/m?®)

Cement (Type CEM III) 450
Crushed stone19.0 mm 490
Crushed stone12.5 mm 575
Sand 710

Total Aggregates 1775
Free Water 55
Ice 120
Total weight of Water 175
Ha-Be - Fm 240 7.5
Ha-Be - NitCal 50 8.0
Total plasticizers 15.5

Total weight 24155

The initial slump for this mix was 24 cm, and the initial setting time was 7 hours. The compressive strength of the
standard 150 mm cube was measured at ages 3, 7, and 28 days, and the results were 36.5, 48.0, and 55.0 MPa,
respectively.

4.5. Measurements

The temperature degrees at each sensor location, besides the air degrees, were recorded every three or six hours for
seven days. The initial temperature degree of the fresh concrete was measured during casting, and it was 13.3 °C, as
shown in Figure 5-a. The recorded measurements showed that the air temperatures ranged between 25 and 37 °C (the
average temperature is 3116 °C). The maximum and minimum values almost occurred at 4:00 PM and 4:00 AM,
respectively. The maximum and minimum recorded degrees at the edge of the cap were (25 and 61 °C) for top-level,
(26 and 66 °C) for mid-level, and (24 and 42 °C) for bottom-level. Similarly, the measured degrees at the center of the
cap were (38 and 50 °C) for top-level, (27 and 68 °C) for mid-level, and (25 and 44 °C) for bottom-level. The
maximum degree was recorded at 42 and 60 hours after casting for the edge and the center of the pile cap,
respectively.

5. Analytical Methodology

The basic partial differential equation for heat transfer in three dimensions is very simple and could be defined as
follows:

“For a finite volume element, the sum of the input heat rate in all directions subtract the sum of the output heat rate
in all directions plus the generated heat rate within the element equals the storage heat rate in the element”. Figure 6
shows the heat rate (Q’) through a finite volume element, while Equation 1 presents the basic partial differential
equation for heat transfer.

Figure 6. Heat rate (Q’) through a finite volume element

aT _ (BZT 92T = 92T q')
at

ax2  9y2  9z% k

)
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where T is Temperature in (K), t is Time in (sec), x,y,z are Coordinates in (m), k is Thermal conductivity in W/(m.K),
a is Thermal diffusivity (m?/sec) = ki/(p.c), p is Density in (kg/m®), c is Specific heat J/(kg.K), and g is Volumetric
rate of heat generation (W/m?).

To solve this partial differential equation numerically, the 3D Finite Difference technique is used. The equivalent
finite difference equation for heat transfer in three dimensions is illustrated in Figure 7 and presented in Equation 2.

.Tz+1

/_<‘

o Tz1
Figure 7. Typical 3D- finite difference node annotations

At. an
Tn+1 = Tn + A_za(Tn.X+1 + Tn.X—l + Tn.y+1 + Tn.y—l + Tn.z+1 + Tn.z—l - 6Tn + T) (2)

where A is Coordinate interval A = AX = Ay =Az, At is Time interval, n is Considered time step, T, is Temperature
degree at time step (n) at the considered node, Tn+1 is Temperature degree at time step (n+1) at the considered node,
Tnx+1 is Temperature degree at time step (n) at the node next to the considered node in X-direction, similarly Tny+1
and Tnz+1 in Y and Z directions, Tnx.1 is Temperature degree at time step (n) at the node before the considered node in
X-direction, similarly Tny-1 and Tn .1 in Y and Z directions, and g is Volumetric rate of heat generation at time step
(n) at the considered node.

5.1. Concrete Properties

The most direct way to reduce the temperature rise in concrete is by reducing the cement content in the concrete
mix design. Unfortunately, this is not applicable in most cases due to durability and strength restrictions. The thermal
properties that are used to determine concrete temperature are density, thermal conductivity, specific heat, and
convective heat transfer coefficients. These properties rely on the age of the concrete and temperature, w/c, cement
type, aggregate type, and unit weight [42-44].

The considered concrete properties in this research were selected within the recommended ranges for structural
concrete in the ACI-122R-02 “Guide to Thermal Properties of Concrete and Masonry Systems” [45], as listed in Table
2.

Table 2. The considered thermal properties of the used materials

Property Symbol Unit Min. Max. Selected
Density p kg/m3 2200 2400 2300
Thermal conductivity k W/(m.K) 1.2 3.2 2.6
Specific heat c J/(kg.K) 820 920 850
Thermal diffusivity a m¥sec  0.7x10°  1.45x10° 1.30x10®

5.2. Heat of Hydration for Cement (q)

The heat of hydration value mainly depends on the chemical composition of cement [46]. For CEM | (OPC) at
20°C, (q) varied between 300, 350 and 400 kJ/kg at 3, 7 and 28 days respectively. While the values are 230, 250, 270
kJ/kg for CEM 111 (Low heat) at 3, 7 and 28 days respectively. Equation 3 presents a hyperbolic model for the heat of
hydration with time at 20°C for CEM I1I.

. ] 1000000t
Heat of hydration (q) (k—g) = ToTr205000

®)

where (t) in sec.
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Figure 8. (Time-Hydration heat) relation for CEM 111 at 20 °C and the proposed hyperbolic regression as per Equation 3

Hence, the volumetric rate of heat generation of concrete (q') is the differentiation of Equation 3 multiplied by the
cement content in the concrete mix as shown in Equation 4.

q.(W) _ 205x10°C )

m3/) (3.6 t+205 000)2
where (t) in sec, (C) cement content kg/m?®.

5.3. Air Temperature (T air)

Apparent temperature of air varied between the maximum value at noon and the minimum value at midnight.
Equation 5 presents the mathematical formula for air’s temperature (T ar) along the day [47].

T, = (Tmax+Tmin) _ (Tmax—Tmin) sin (n (2t+tmin)) o

2 2 24

where T, is Apparent temperature of air at certain clock time (t), where (0 < t < 24), Tmax iS Maximum apparent
temperature along the day, Tmin is Minimum apparent temperature along the day, and t min is The clock time at
minimum temperature (Tmin).

5.4. Convective Heat Flux (q’c)

Convective heat flux is the transferred thermal energy from concrete surface to the surrounding air per unit
(W/m?). The amount of dissipated energy depends on the temperature difference between concrete surface and
surrounding air, and also the wind speed [48]. Kuriakose et al. [47] presented Equation 6 to estimate the convective

heat flux.

qlc (%) = hc (Tsu‘rface - Tair) (6)

5.6 +395v for v<5.0m/s?
7.6 v%78  for v >5.0m/s?

5.5. The Developed 3D-Finite Difference Model

where hc =

The developed model is carried out using MS-Excel software. It consists of a homogenous concrete block
10.0x13.0x3.0m rested on the soil and exposed to air temperature but not exposed to direct sunlight (no heat radiation
or irradiation). The selected concrete properties in Table 2 were considered for all elements. The selected mesh size
was 1.0m in all directions, which means four layers of nodes; each layer contains (11x14 nodes), which is a total of
616 nodes. A 10800-second (three-hour) time step was selected to satisfy the iteration stability as per Equation?.

2
At <= 22— 92600sec @

~ 8a  10.8x10-6

The rate of hydration heat generated for each element was calculated using Equation 4 where the cement content
(C) equals 450 kg/m®. The surface and corner nodes simulate half and quarter elements, and hence they generate half
and quarter hydration heat rates, respectively.
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5.6. Initial and Boundary Conditions

As recorded, the initial temperature of the casted concrete was 13°C and the recording started at 1:00 PM. The
temperatures of all exposed surfaces were equal to the air temperature and followed Equation 5 considering Tmin and
Tmax €qual to 25 and 37°C respectively, and the time at the minimum temperature (tmin) was 4:00 AM. Besides, all
exposed surfaces were subjected to a wind speed of 10 m/s as measured by an anemometer, accordingly, the
convective heat flux (q’c) on these surfaces was 45 W/m? as per Equation 6. Finally, the temperature of the bottom
surface (which is in contact with soil) was kept constant and equal to 31°C (as the average temperature of air).

6. Results and Discussion

For the pile cap in El Badrasheen Sector, 56-time steps were calculated as per Equation 2, which is equivalent to
168 hours or 7 days after casting. The peak temperature at the center of the block (65°C) occurred at time step 20 (60
hours after casting) at 1:00 AM, where the air temperature was 26°C and the surface temperature was 32°C. Figure 9
presents the temperature contours for the top, middle, and bottom surfaces of the block at time steps 20 and 54, where
the outer frame is the air temperature.

Top surface Top surface

Middle surface Middle surface

Bottom surface Bottom surface

Time step 20 Time step 54

Figure 9. Temperature contours for the top, middle, and bottom surfaces of the block at time steps 20 and 54, where the
outer frame is the air temperature at El Badrasheen Sector
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For the pile cap in October Sector, 28 time steps were calculated as per Equation 2, which is equivalent to 168
hours or 7 days after casting. The peak temperature at the center of the block (63 °C) occurred at time step 10 (60
hours after casting) at 2:30 PM, where the air temperature was 28 °C and the surface temperature was 31°C. Figure 10
presents the temperature contours for the top, middle, and bottom surfaces of the block at time steps 10 and 28, where
the outer frame is the air temperature.
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Time Step 10 Time Step 28

Figure 10. Temperature contours for the top, middle, and bottom surfaces of the block at time steps 10 and 28, where the
outer frame is the air temperature at October Sector

To compare the calculated temperatures with the measured ones (at a depth of 0.5m below the concrete surface),

the average temperature of a surface node and an adjacent one is considered. Figures 11 and 12 present a comparison
between calculated and measured temperatures at different points besides the considered and actual air temperatures.
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Figure 11. Comparison between calculated and measured temperatures at different locations at EI Badrasheen Sector
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Figure 12. Comparison between calculated and measured temperatures at different locations at October Sector
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The comparison charts shown in Figures 11 and 12 illustrate that the temperature prediction accuracies are about
+5%, +8%, +6%, and +12% for the air, top, middle, and lower surfaces of the pile caps, respectively, and the
maximum difference between the calculated and measured temperature degrees is about 5 °C and 10 °C for the air and
concrete, respectively. Most of these extreme differences occurred due to a slight shifting (or delay) in the temperature
cycle, as in Figures 11-a and 11-e, or due to random or local variation, as in Figures 11-c, 11-d, and 11-f. However, it
could be generally noted that the calculated temperature is slightly higher than the measured temperature at the top
surface (Figures 11-a and 11-b) and slightly lower at the bottom surface (Figures 11-e and 11-f), especially at the
center of the pile cap. Figures 11 and 12 display the variation of concrete temperature degrees on the top and bottom
surfaces of the pile caps due to their direct contact with fluctuating temperature surfaces (air or soil). On the other
hand, these figures present the average temperature inside the pile caps, where the generated heat is trapped. The
temperature prediction accuracies are about £10% (+3.5°C) for air and exposed concrete surfaces due to temperature
variation, while they are about £5% (+3.5°C) for inside concrete, where the variation decreases.

7. Conclusion

The results of this research prove that the proposed 3D-Finite Difference Model can be used to solve the partial
differential equation that governs heat transfer and determine the temperature distribution within massive concrete pile
caps. The comparison charts between the developed model values and the site measurements confirmed that the FDM
captured the fluctuation of concrete temperature degrees on the top and bottom surfaces of the pile caps due to their
contact with fluctuating temperature surfaces, while the model captured only the average temperature inside the pile
caps, where the generated heat is trapped. The temperature prediction accuracies are about £10% for air and exposed
concrete surfaces due to temperature fluctuation, while they are about 5% for inside concrete, where the fluctuation
decreases.

The proposed model provides useful information to make critical construction decisions, such as insulation
practices, formwork removal time, precooling and post cooling techniques, and minimizing the risk of early-age
thermal cracking in mass concrete structures. In order to prevent thermal cracking, concrete element temperature
histories should be predicted during the design and construction phases. Using the concrete mixture data and cement
properties, this research shows that the temperature predictions can be reasonably well correlated with the site data.
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