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In tilt-up construction, prior to lifting a panel, it is required that compressive and flexural
testing should be performed on samples retained in the field to validate that the panel has
attained the required strength. In reality, usually, only compressive tests are performed and
flexural strengths are calculated using one of the many available correlation formulas.
In this study, the maturity method, a non-destructive method of determining the strength of
concrete at early age, was evaluated. The use of the maturity method was found to be an
effective tool to predict the compressive and flexural strengths of in-place concrete at time of
lifting.
Furthermore, correlation curves and formulas were developed relating the compressive,
flexural and splitting tensile strength of concrete. These curves were generated for three different
mix-designs used currently in the tilt-up concrete industry. The correlation curves showed that
each mix design has its own correlation formulas. The use of pre-existing formulas might under
or over-estimate the strength of concrete.
Moreover, a small scale tilt-up panel was instrumented with surface mount strain gages in
order to determine the stresses of the panel during lifting. The panel dimensions were also sent to
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four different tilt-up design companies. The anticipated stresses were predicted using their inhouse software. Preliminary hand calculations based on statistical analysis were also performed
in order to find the stresses. The data collected from the instrumented panel, software predictions
and preliminary static calculations were compared.
The results showed a variation in stresses calculated by different tilt-up design companies
using their software as well as some differences between the measured stress values obtained
from the instrumented panel and the calculated values.
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CHAPTER 1
INTRODUCTION
1.1 Research Overview
Tilt-Up construction is one of the fastest growing areas of the US construction industry.
According to the Tilt-Up Concrete Association, at least 10,000 buildings enclosing more than
650 million square feet are constructed annually. This is due, in part, to the economics of tilt-up,
which combine reasonable cost with low maintenance, durability, speed of construction, and
minimal capital investment.
In tilt-up construction, before lifting a panel, the building codes require that compressive
and flexural testing should be performed on samples retained in the field to make sure that the
panel has attained the required strengths. But in reality, most of the time, only compressive tests
are performed and flexural strengths are calculated using one of the many available correlation
formulas existed. Most of these formulas are based on “plain” concrete. But most concrete used
today is not “plain”; it is a more complex combination that includes both mineral admixtures as
cement substitutes, and chemical admixtures.
A survey was sent to different tilt-up construction companies. The companies were asked
about their own methods for determining the different types of strength of concrete before tilting.
They were also asked their opinions about the maturity method as discussed in this study.
This study determined the different correlation formulas between flexural, compressive
and splitting tensile strength for three specific mix designs used in the tilt-up construction
industry. The goal of this approach was to determine how accurate the current approach of
determining the flexural strength of panels using correlation formulas is.
In this study, the maturity method described in ASTM C 1074 (2004) was performed.
From the proposed maturity method, empirical relationships between compressive and flexural
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strength with maturity index were determined. Using this method, it will only be necessary to
read the maturity index of a panel (using maturity devices embedded in concrete) in order to
determine its strengths and its suitability for erection. The purpose of the maturity method is to
demonstrate a non-complex method for monitoring concrete strengths in real time using concrete
maturity technology. Concrete maturity enables real-time, in-place strength measurements that
are more accurate and more cost-effective than field-cast specimens. Rather than having to wait
for field-cast specimens to reach the required strength, the panel can be lifted at the earliest
possible moment because the in-place flexural and compressive strength can be obtained
instantaneously.
In addition, this study had determined the actual stresses in-situ of a tilt-up wall panel
during erection. Surface mount strain gages were installed at expected high stress locations to
determine the actual bending stresses in the concrete panel during the lifting sequence. The panel
was constructed using one of the mix designs studied. Maturity devices were also embedded in
the panel. Cylinder and beam samples were tested for flexural and compressive strength in order
to check the accuracy of the empirical relationship between maturity index and strengths. These
samples were casted from the same concrete mix that was used for the panel.
Finally, several software analysis models were generated in order to find the stresses in the
constructed panel. The design of the panel was sent to several tilt-up design companies. The
companies were asked to run their own software programs and to determine the stresses of the
panel during erection. A comparison between the companies’ software results and the ones
determined in this study was also conducted.
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1.2 Goals and Objectives
The scope of the project was to provide sufficient scientific information on the strengths
and stresses of tilt-up wall panels before and during erection. The objectives of this research
were mainly:
1.

Conduct a survey among different tilt-up construction companies. The purpose of the
survey is to gather recent information about the types of testing performed nowadays in
tilt-up industry.

2.

Estimate the strength of concrete using maturity testing. This was done by determining
empirical relations between flexural strength and maturity index, and compressive strength
and maturity index. These relationships may make it unnecessary to perform mechanical
tests (compression, flexure) on tilt-up walls before erection. Only maturity index will be
required to find the corresponding strength from these empirical relations.

3.

Determine correlation formulas between the flexural, compressive and splitting tensile
strength of concrete used for tilt-up wall panels using three different mix designs. This will
determine if a single universal formula can be used by contractors in order to determine the
flexural strength of the panel.

4.

Determine the stresses in a tilt-up wall panel during the lifting sequences as the panel
rotates from zero to ninety degrees using software currently used in tilt-up industry.

5.

Determine the actual strains and stresses in-situ of a tilt-up wall panel during erection.

6.

Evaluate the efficiency of different software used by different tilt-up construction design
companies. The objective of this study is to compare the results generated by the
companies’ software to the actual stresses obtained from the instrumented panel.
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CHAPTER 2
LITERATURE REVIEW
2.1 History of Tilt-Up
Casting a slab on the ground then tilting it up into position is not a new idea. It was
probably 2000 years ago that some Roman builders discovered that tilting-up a slab after casting
it is much easier than placing concrete between the forms vertically and then removing the forms
(Brooks 1997).
According to ACI 551 (1992), Tilt-up construction is “a construction technique of casting
concrete elements in a horizontal position at the jobsite and then tilting and lifting the panels to
their final position in a structure.”
The big change in the concrete industry happened with the use of reinforced concrete in the
early 1900’s.This is when Robert Aiken in 1909 described an innovative method of casting wall
panels on tilting platform (Tilting Tables) and then lifting them vertically into place by means of
specially designed mechanical jacks (Aiken 1909). This “tilt table” method was used on the
Jewett Lumber Company in Des Moines, Iowa, between 1906 and 1912, and on several army
facilities, factory buildings, and churches. The tilt table method was also used on the Zion
Methodist Church in suburban Chicago. The church construction incorporated decorative precast elements that were embedded in the tilt-up panels.
In the late 1940’s, the mobile truck crane became available which made the tilt-up
construction industry more popular. With access to mobility and lifting capacity of truck cranes,
tilt-up construction started to spread quickly, from Southern California, across the Sunbelt states.
Today, tilt-up buildings can be found in nearly every state (Brooks 1997).
Tilt-up construction was first used for simple structures mostly warehouses and
distribution centers. Today, this is still the governing type of tilt-up buildings. In addition,
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schools, churches, multistory office buildings, industrial and manufacturing projects are also
built using tilt-up construction. The most recent applications for tilt-up structures are small
buildings and residential structures (ACI 551 2005).
Tilt-up projects represent only about 10% of the total U.S. non-residential buildings. So a
large potential of growth is awaiting this industry.
2.2 Benefits of Tilt-Up
Tilt-up construction continues to grow due to its benefits. This type of construction
eliminates the use of a large number of expensive formwork and scaffolding. It is a fast
construction; the panels can be lifted after 5 to 7 days of being cast. In fact, tilt-up construction
has grown at an annual volume of more than a quarter billion square feet of walls. Market growth
means that the number of Architect/Engineers and Contractors using this method are increasing,
requiring increased attention to safety, which is another long-recognized benefit of tilt-up (Baty
2006).
According to the Tilt-Up Concrete Association (2005) tilt-up proved to be more cost
effective than other competing construction methods for similar types of buildings. For instance,
the South California construction market is dominated by tilt-up construction instead of masonry
buildings. Tilt-up is known for its speed in construction. In four to five weeks from the time of
placing the slab, a building shell can be built. Tilt-up projects are durable; buildings casted in the
late 1940’s show little sign of age and some are being attractively remodeled. One of the major
benefits of tilt-up is its low maintenance cost. It is only required that a tilt-up wall will have a
new coat of paint every six to eight years. Due to its fire resistance and durability, a tilt up
building has low insurance rate. All the features listed above in addition to the architectural
attractiveness of tilt-up construction encourage the investment in constructing tilt-up buildings.
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Safety is a major concern in this industry and determining when tilt-up concrete panels can
be safely lifted in place is of great importance. Many parameters should be considered before
lifting the panels. According to ACI 551 (2005), "Tilt-Up Concrete Construction Guide,"
concrete used for tilt-up panels should provide adequate strength for the in-place condition and
for panel erection requirements. It is necessary to make sure that the shear strength of the
concrete must be satisfied and that the tensile strength, or modulus of rupture, requirements are
met to control cracking during rotation as the panel is lifted into place.
2.3 Mix Design
In order to get the required strengths, it is very important to make sure that the following
steps are taken into consideration. The mix design for a tilt-up wall panel is not the same as a
regular mix for other concrete jobs. It is more complicated. For tilt-up construction, not only the
28 day compressive strength should be met but early age flexural strength also. There is no
single mix design for tilt-up construction. In a recent survey of tilt-up contractors conducted by
the Tilt-Up Concrete Association (TCA), most of the contractors surveyed stated that the right
mix design is a balance between admixtures, aggregate gradation, and cement content. It was
concluded that different projects will need different mix designs due to the time constrain on
lifting the panels (Baty 2006).
Brooks (1997) gave some guidelines for the mix design. He stated that the specified
compressive strength at time of lift is usually 2,500 psi which is recommended by the lifting
insert manufacturers. The slump should also not exceed 4 to 5 inches.
According to ACI 551 (2005), the concrete specification for tilt-up panels are:
•
•
•
•

28-day compressive strength = 3000 to 5000 psi
28-day flexural strength = 650 psi
Maximum size aggregate = 0.75 to 1.5 inches
Entrained air = 1% to 3%
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The question remains as to how to make sure that the concrete has reached its required
strengths at the time of tilting.
2.4 Strengths of Tilt-Up Panels
The common methods for determining appropriate concrete strengths are the compressive
strength and flexural strength (modulus of rupture). Just because the required compressive
strength is met does not necessarily mean that the required modulus of rupture has been attained
or that the panels can be lifted without cracking. Only by performing both tests, can one assure
that the design parameters of the concrete have been met.
The Tilt-Up Concrete Association requires that test specimens for the compression and
flexural strength tests should remain in the field with the panels and have to be given the same
curing treatment. The primary concern for this test is whether or not the concrete has sufficient
strength for the lift, not the ultimate strength of the concrete under ideal curing conditions.
Testing, however, should be done in a laboratory. Most of the contractors today are just
performing the compressive strength test. The flexural strength or bending strength of concrete
produced in the field is most often determined indirectly by breaking compressive strength
cylinders and determining the flexural strength using one of several available correlation
formulas.
In reinforced concrete design, the standard formula to convert compressive strength to
flexural strength is MR = 7.5 * √ (f’c) (ACI 435). Nawy (2008) noted that the flexural strength
varies from 7.5 to 12√ (f’c). Other correlation formulas developed by researches have varied
between fr = 8 * √ (f’c) and fr = 10 * √ (f’c) (Davis et al. 1968). Researchers have also
developed formulas relating splitting tensile strength to flexural strength and claim to obtain a
more accurate correlation. The major problem associating any formulas based on cylinder
strength and relating them to flexural strength is the number of variables associated with concrete
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strength and testing concrete strength. A major concern is the fact that most concrete used today
is not “plain”, that is consisting of just Portland cement, water, coarse and fine aggregates, but
rather more complex combinations that include both mineral admixtures as cement substitutes,
and chemical admixtures.
Most of the formulas developed have been based on “plain” concrete, moist cured for 28
days, and tested at that time. Today, most concrete contain blended cements, consisting of fly ash
and/or blast furnace slag, and chemical admixtures. Other variables include: type and amount of
cement; type, size and distribution of both coarse and fine aggregates; water cement ratio; and
curing conditions. These are just some of the factors that affect compressive strength, and in
doing so would also affect any correlation formula developed relating compressive strength to
flexural strength.
Another potential problem with testing for flexural strength is the ASTM method used.
ASTM C 293 (2002) is a center point test that is most commonly used in the field. It
overestimates the flexural or bending strength of the concrete by 15 to 25 percent because it
includes both shear and bending stresses. ASTM C 78 (2002) is a test method referred to as third
point loading which results in a more conservative value and does not include the shear
component of the stress.
The literature showed that the current method of determining the flexural strength of tilt-up
concrete before lifting using correlation formulas is not an accurate one.
Nowadays, in concrete pavement construction, engineers are performing a method called
“Maturity Method” (ASTM C 1074 2004) which enables them to estimate concrete strength at
early ages in order to determine the appropriate time to open a pavement to traffic. This method
is also used for form stripping, removal of shoring and re-shoring, post-tensioning, loading
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structures, saw cutting and harvesting pre-cast members. So why not use this particular method
to estimate the strength of tilt-up panels before erecting them.
2.5 Maturity Testing
From a technique known as maturity testing for concrete, according to ASTM C1074
(2004), the gain of the in-situ strength of concrete can be estimated. The concept of maturity was
first developed in the late 1940’s to early 1950’s, but it was not until 1987 that the American
Society for Testing and Materials (ASTM) published its first standard practice for maturity
(Malhotra 1994).This concept is rarely used today for tilt-up wall panels. It is widely used for
pavement and other concrete applications. The basic assumption in the maturity method is that
two concrete samples with the same maturity will have the same strength even though they might
be exposed to different curing conditions (CPTP 2005).

To = Datum Temperature (⁰C)
M = Maturity (⁰C-hrs)
TTF = Temperature Time Factor (⁰C-hrs)

Figure 2-1. Maturity concept (Nelson 2003, CPTP 2005)
ASTM C 1074 (2004) illustrates how to determine the compressive and flexural strength
using the maturity method. The maturity is expressed either in terms of temperature-time (NurseSaul method) or in terms of equivalent age at a specific temperature (Arrhenius method). Both
methods are described in ASTM C1074.

26

In the late 1940s to early 1950s, it was proposed that the product of time and temperature
could be used to account for the combined effects of time and temperature on strength
development for different elevated temperature curing methods (Carino and Lew 2001). These
concepts led to the Nurse-Saul equation. The Nurse-Saul method is based entirely on empirical
observations. It is based on the assumption that the initial rate of strength gain (during the
acceleratory period that follows setting) is a linear function of temperature (Carino and Malhotra
1991).
The benefits of the Nurse-Saul method is that it is easy to explain and use, and is relatively
conservative because it generally underestimates the in-place strength of concrete. In the late
1970s, it was realized that the linear approximation of the Nurse-Saul equation might not be
valid when curing temperatures vary over a wide range. The Arrhenius equation is used to
describe the effect of temperature on the rate of a chemical reaction. It allows the computation of
the equivalent age of concrete. The Arrhenius method overcame one of the main limitations of
the Nurse-Saul method because it allowed for a non-linear relationship between the initial rate of
strength development and curing temperature. It is a better representation of time-temperature
function than the Nurse-Saul equation when a wide variation in concrete temperature is expected
(Carino and Lew 2001). The use of the Arrhenius equation eliminated the discrepancies between
strength-maturity relationships developed with different initial curing temperatures, that is, it
eliminated the discrepancy at early maturity. Comparative studies showed that this new maturity
function is superior to the Nurse-Saul equation. On the other hand, the Arrhenius equation is not
able to account for the effects of early-age temperature on the later-age strength (Carino and
Malhotra 1991).
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Recently, the industry has developed devices that include maturity instruments which
automatically compute and display either the temperature-time factor or the equivalent age.
These devices will be embedded in concrete samples to measure the maturity index. If the
Arrhenius method was to be adopted, temperature loggers would be preferred. These
temperatures readings can then be plugged into the Arrhenius equation in order to determine the
equivalent age. The Arrhenius method is preferably used when large variations of temperature
occur as mentioned previously. In cases of small variations of temperature, it is recommended to
use the Nurse-Saul equation. Both methods follow the same procedures in developing the
relationship curves. The difference is that the Nurse-Saul equation will be expressed in Temptime and the equivalent age will be expressed in days at a specific temperature. The Nurse-Saul
methodology is more widely used by State highway agencies due to its simplicity.
2.6 Stresses in Tilt-Up Wall Panels
No references were found whereby tilt-up concrete panels have actually been instrumented
and bending stresses measured in the field. On the other hand, many companies are using their
own software programs to calculate the stresses in a panel during the lifting sequences as the
panel rotates from zero to ninety degrees. Recently an article in Concrete International,
“Automating Lifting and Bracing Analysis,” by Stojanoski and Jankulovski, introduced a
software program called PanelsPlus, that calculates the stress envelopes for lifting and rotating
panels Data from the paper indicate that the bending stresses are in excess of 400 psi can be
developed during this process. Other tilt-up design software, some of them include fifnite
element features and others do not, are used in the tilt-up industry. These include but not limited
to Tiltmax, PAC WALLsoftware, Enercalc Engineering Software, RAM Advanse V.9.
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2.7 Current Studies
Compressive strength tests according to ASTM C39 (2005) and flexural strength tests
according to ASTM C 78 (2002) were performed. An empirical relationship between
compressive strength and maturity index as well as flexural strength and maturity index were
determined. In this study, an addition empirical relation between splitting tensile strength and
maturity was also determined.
Calibration curves were developed based on no changes in mix design. Different mix
designs will have different calibration curves. This is why this study will perform maturity
testing on three different mix designs. From each mix design correlation curves will be
determined in order to find the corresponding correlation factors between flexural, compressive
and splitting tensile strength. From the empirical relations, it will be only necessary to read the
maturity index in order to find out the compressive, flexural and splitting tensile strengths of
concrete.
The Maturity method will estimate the strength of concrete before tilting the panels, but
what are the actual stresses of these walls during lifting?
In this study, an instrumented tilt-up wall panel was constructed in order to determine the
actual stresses of the panel during lifting. The data collected from this study were compared to
several tilt-up design software results.
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CHAPTER 3
ANALYSIS OF SURVEY RESULTS
3.1 Introduction
The “Maturity Method Usage in Tilt-Up Construction” Survey (Appendix A) was intended
to find out current practices by tilt-up construction companies in order to estimate the strength of
the wall panel during or just before lifting. The survey questionnaire was meant to study the
types of strength that contractors are looking for and the different testing methods performed.
3.2 Survey Results
In to order to assure the appropriate sample size for a survey, three major steps should be
achieved: identify the target population, put together a population list and select the sample size
(Dillman and Salant 1994). The sample size will be the number of surveys to be disseminated. In
this research the targeted population is any construction company that deals with tilt-up
construction.
The Tilt-Up Concrete Association is a dedicated group of contractors, professionals, and
manufacturers with the interest of improving the quality and acceptance of Tilt-Up construction.
The mission of the Tilt-Up Concrete Association is to expand and improve the use of Tilt-Up as
the preferred construction method by providing education and resources that enhance quality and
performance. What better population list can be chosen other that the companies which are
members of the Tilt-Up Concrete Association?
The chosen list is the list of all construction companies that are members of this
association. It consists of 196 construction firms that have had many years of experience tilt-up
construction. An email was sent to these 196 companies. The questionnaire was mailed to only
the companies that were interested in filling out the questionnaire. The responses in this survey
are based on a 28 % return rate, 54 respondents out of 196 targeted construction companies.
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In order to find out the acceptable response rate of these surveys, it is required to know the
acceptable or desired sampling error. Table 3-1 provides a clear idea about the process.
Table 3-1. Final sample size needed for various population sizes and characteristics, at three
levels of precision (Dillman and Salant 1994)
Sample size for the 95percent confidence level
Sampling Error
Population
±3%
±5%
±10%
Size
50/50
80/20
50/50
80/20
50/50
80/20
split
split
split
split
split
split
100
250
500
750
1,000
2,500
5,000
10,000
25,000
50,000
100,000
1,000,000
100,000,000

92
203
341
441
516
748
880
964
1,023
1,045
1,056
1,066
1,067

87
183
289
358
406
537
601
639
665
674
678
682
683

80
152
217
254
278
333
357
370
378
381
383
384
384

71
124
165
185
198
224
234
240
234
245
245
246
246

49
70
81
85
88
93
94
95
96
96
96
96
96

38
49
55
57
58
60
61
61
61
61
61
61
61

A 50/50 split means population is relatively varied. An 80/20 split means it is less varied,
most people have a certain characteristic, a few do not. Unless the split is known ahead of time,
it is best to be conservative and use 50/50. In this study, all the respondents are employed in a
construction company that deals with tilt-up. An 80/20 split will be fair enough for this research.
According to Table 3-1, using a 95% confidence level with a sampling error of ±10%, the
sample size is estimated to be 49 for a 250 population size, while for population size of 500, the
sample size is estimated to be 55.
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In this study, the population size is 196 and the sample size ended up being 54. This means
that the Sample size of this Questionnaire is based on a 95% confidence Interval with a
maximum sampling error of ±10%.
3.3 Survey Results
It is very important to understand that in this questionnaire, the participants were allowed
to select all answers that apply to a question.
3.3.1 Demographic Questions
The first part of the survey was concerning demographic questions. Information about
company number of employees, revenue, and geographical location were asked in order to find
out whether the smaller or larger firms were using tilt-up as a construction technique.
The survey results (see Figure 3-1) indicated that a large group of the companies that deal
with tilt-up are small size companies. Sixty percent (60%) of the tilt-up companies had an annual
income of less than $50 million. This shows that tilt-up construction does not demand high cost
resources in order to perform it. Most of the tilt-up contractors who responded were mid- to
small-size companies.
As shown in Figure 3-2 the companies that participated in this survey had considerable
construction experience. Sixty seven percent (67%) had over 20 years of experience. All the
other ones had more than 11 years of experience. The extensive experience of most of the
respondents gave more credibility to this survey.
As shown in Figure 3-3, based on the responses, tilt-up construction is a nationwide
construction technique. Most of this type of construction is happening in the West( 27%) and in
the Southeast (30%). The use of tilt-up is growing rapidly and its share of the construction
market is expanding.
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Figure 3-1. Companies’ annual volume

Figure 3-2. Overall business experience
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Figure 3-3. Companies’ active region/location
3.3.2 Tilt-up Construction Questions
As mentioned previously, the purpose of this survey was to inventory the different
methods in use in the tilt-up construction industry in order to find the required strength of
concrete before/during tilting.
The responses to the survey question concerning the normal time elapsed before lifting a
panel after casting are shown in Figure 3-4. More than ninety percent (90%) of the panels were
being lifted before reaching day 14 after casting. Around fifty percent (50%) of the panels were
lifted between day 5 and day 10 after casting. Thus, panels were being tilted before reaching
their required 28-day strength. This is why this study focused on finding the strength of the panel
just before tilting .This led to the survey questions that targeted the test methods performed in
order to find the strength of concrete at early ages.
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Figure 3-4. Normal time of lifting the panel
The contractors were asked about their interest in finding the compressive strength of the
panel before tilting. All the participants (100%) indicated that compression tests on cylinders
were performed in order to find the concrete compressive strength before tilting. This is usually a
typical test for any type of concrete construction. ASTM C39 (2005), Standard Test Method for
Compressive Strength of Cylindrical Specimen is the most common guide used nowadays.
Another question was targeted at finding whether contractors were interested in the
flexural strength of the panel. This question was asked because building codes require the
computation of the flexural strength of the panel in addition to its compressive strength. If the
panel were to fail during tilting, it would fail in flexure not in compression. As shown in Figure
3-5 sixty-one (61 %) of the participants were performing the Center-point Loading test, while
only seventeen percent (17%) were performing the third-point flexure test. The flexural strength
is expressed as Modulus of rupture (psi) and is determined by standards test methods ASTM C
78 (2002) for third-point loading (Figure 3-6) or ASTM C 293 (2002) center-point loading
(Figure 3-7).
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Figure 3-5. Finding the flexural strength

Figure 3-6. ASTM C 78- Third-Point Loading

Figure 3-7. ASTM C 293- Center-Point Loading
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The Center-point loading test overestimates the flexural or bending strength of the
concrete by 15 to 25 percent because it includes both shear and bending stresses. The entire load
is applied at the center span. There are substantial shear forces as well as unknown stress
concentrations at the point of load application, which act along the line on which the specimen
generally fails .The maximum stress is present only at the center of the beam.
The Third-point loading test results in a more conservative value and does not include the
shear component of the stress. The specimen, in the middle third of the span, is subjected to a
pure moment, with zero shear. Half the load is applied at each third of the span length. Maximum
stress is present over the center 1/3 portion of the beam (NRMCA 2000). In other words, Centerpoint loading yields higher strength than third-point loading. The Center-point loading is not as
good as the Third-point loading test method and is not a substitute for it (Darwin et al. 2003).
Eleven percent (11%) of the participants replied that there is no need to estimate the
flexural strength. They only look into the compressive strength. But as mentioned previously,
knowing the compressive strength is not enough. On the other hand, eleven percent (11%) of the
contractor were estimating the flexural strength by using correlation formulas to convert
compressive strength to flexural strength. In reinforced concrete design, the standard formula to
convert compressive strength to flexural strength is fr = 7.5 *√ (f’c) (ACI 435). Nawy (2008)
noted that the flexural strength varies from 7.5 to 12√ (f’c). Other correlation formulas
developed by researches have varied between fr = 8 √* (f’ c) and fr = 10 * √ (f’c) ( Davis et al.
1968). Researchers have also developed formulas relating splitting tensile strength from flexural
strength and claim to obtain a more accurate correlation. The major problem associating any
formulas based on cylinder strength and relating them to flexural strength is the number of
variables associated with concrete strength and testing for concrete strength. A major concern is
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the fact that most concrete used today is not “plain”, that is consisting of just Portland cement,
water, coarse and fine aggregates, but rather more complex combinations that include both
mineral admixtures as cement substitutes, and chemical admixtures.
Most of the formulas developed have been based on “plain” concrete, moist cured for 28
days, and tested at that time. Today, most concrete mixes contain blended cements, consisting of
fly ash and/or blast furnace slag, and chemical admixtures. Other variables include: type and
amount of cement; type, size and distribution of both coarse and fine aggregates; water cement
ratio; and curing conditions. These are just some of the factors that affect compressive strength,
and in doing so would also affect any correlation formula developed relating compressive
strength to flexural strength.
Another question was asked in order to find the contractors concerns about the finding of
the tensile strength of the panel. As shown in Figure 3-8, sixty-one percent (61%) of the
respondents indicated that there is no need to find the tensile strength. Thirty nine percent (39%)
would perform the splitting tensile test if needed. In this research, the splitting tensile test was
performed in order to find out whether there are better correlation formulas between Tensile and
Flexural strength rather than between Flexural and Compressive strength.
A major issue in concrete construction is the curing of the samples taken in the field. As
shown in Figure 3-9, sixty-seven percent (67%) answered that they stored the samples in a
laboratory and thirty three percent (33%) kept them on site near the panel. Figure 3-10 shows
that sixty one percent (61%) of the respondents indicated that the samples had different curing
conditions than the panels, while thirty-nine percent indicated the same conditions.

38

Figure 3-8. Finding the tensile strength

Figure 3-9. Samples storage
The samples were taken in the field during the pouring of the panel. After 24 hours, most
of the contractors moved the samples into their laboratories. Consequently, that the samples kept
in a laboratory curing in a water bath will definitely have different curing conditions than the
panel itself. Hence the strength of the samples tested will definitely be different than that of the
panel. This is why the use of the maturity method will be discussed in Chapter 4.
As shown in Figure 3-11 seventy two percent (72%) of the participants indicated that
they have never used Maturity Method in tilt-up construction. Seventy seven percent (77%) of
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those who never used the Maturity Method before were willing to adopt it if it is more accurate
and cost effective.

Figure 3-10. Samples and panels curing condition

Figure 3-11. The use of maturity method in tilt-up construction
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Figure 3-12. Willingness to adopt the maturity method
The maturity testing method will be discussed in Chapter 4 because it offers to the tilt-up
construction industry a more accurate and cost effective method to estimate the strength of a tiltup panel. Concrete maturity testing can result in fewer beam specimens required on a project,
particularly the number of field-casted beams. This is because a single maturity sensor embedded
in a tilt-up panel can provide an unlimited number of in-place compressive/ flexural and tensile
strength measurements at a given location. As such, multiple sets of beams to support the lifting
decisions are no longer required.
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CHAPTER 4
TEST METHODS
4.1 Introduction
Three ready-mix concrete designs already used in the tilt-up construction industry were
tested and evaluated in this research. This chapter provides information about the ingredients and
the mix proportions of the concrete mixes. Various tests on fresh and hardened concrete were
performed. The maturity method was adopted in order to find the actual strength of concrete in
compression and flexure. A detailed procedure for the maturity method is also included.
4.2 Concrete Mix Designs
4.2.1 Mix Proportion of Concrete
The first concrete mix design (Mix-1) studied in this research was a typical mix design
used for tilt-up wall construction. The same mix design was used to cast the UF Hough Hall tiltup panels at the University of Florida. This design used plain concrete.
The second mix design (Mix-2) contained 20% of Fly Ash and 80% Portland cement. The
third mix design (Mix-3) contained 50% Slag and 50% Portland cement. Tables 4-1, 4-2 and 4-3
show the mix designs details for the studied concrete.
Table 4-1. Mix Design for the Plain Concrete (Mix-1)
Material

TYPE

Cement

C 150

Water
Fine Aggregate
Aggregate
Admixture

-C 33
C 33
C 260

Admixture

C494

II
Sand
#57 Stone
AIR Entrained
Agent
water Reducer
(Plain)

W/C Ratio
Slump (in)
Air Content (%)
Plastic Unit Weight (lbs/cf)

Quantity
565

Lbs

250
1275
1700
0.23

Lbs
Lbs
Lbs
oz/ 100# cement

5.35

oz/ 100# cement

0.45
4 ±1"
3.5 ±1.5%
140.4 ±1.5
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Table 4-2. Mix Design for 80% Cement and 80% Fly Ash (Mix-2)*
Amount
Qty

Material

Description

Cement
Fly Ash
Coarse Aggregate
Fine Aggregate
Admix 1

Cement Type I/II ASTM C150
Fly Ash Class F ASTM C 618
#57 (1") ASTM C 33
DOT Sand ASTM C33
W.R. Grace WRDA 60 type
A/D ASTM C494
Potable
(includes any admixture water
present)
Per ASTM C595

481
120
1725
1237
19.2/28.9

lbs
lbs
lbs
lbs
oz

32.5
270.7

gal
lbs

601

lbs

(Entrapped Air)
(from Mixer Discharge)
(from Mixer Discharge)

2.00%
3 to 5
2% (± 1.5%)

inches

("Unit Weight")

142
0.45
3834

Total Water
Total water
Total Cementitious
Material
Design Percent Air
Slump range
Air Content
Plastic Density
W/C ratio
total Weight
*

Specific
Gravity

Absolute
Volume

3.15
2.25
2.45
2.63

2.45
0.85
11.28
7.54

1

4.34

0.54
Absolute
Volume
27.00 ft³

lb/ft³
lb/yd³

Materials per Cubic Yard

Table 4-3. Mix Design for 50% Cement and 50% Slag*
Amount
Qty

Specific
Gravity

Material

Description

Cement
GGBF Slag
Coarse Aggregate
Fine Aggregate
Admix 1

Cement Type I/II ASTM C150
Type 120 ASTM C989
#57 (1") ASTM C 33
DOT Sand ASTM C33
W.R. Grace WRDA 60 type
A/D ASTM C494
Potable
(includes any admixture water
present)
Per ASTM C595

235
235
1700
1303

lbs
lbs
lbs
lbs
oz

30
250

gal
lbs

470

lbs

(Entrapped Air)
(from Mixer Discharge)
(from Mixer Discharge)

3.00%
4 ±1
3%

Total Water
Total water
Total Cementitious
Material
Design Percent Air
Slump range
Air Content
Plastic Density
W/C ratio
Total Weight
*

("Unit Weight")

137.9± 1.5
0.53
3723

Materials per Cubic Yard
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Absolute
Volume

3.15
2
2.45
2.63

1.20
1.88
11.12
7.94

1

4.01

0.81
inches

lb/ft³
lb/yd³

Absolute
Volume
27.00 ft³

4.2.2 Materials Used in Concrete Mixes
Concrete mixes used in this research were provided by Cemex Ready Mix and Florida
Rock Industries. Mix-1 was used twice in this research. Mix-1 Concrete was provided from
Florida Rock Industries through Ajax Construction while they were pouring their tilt-up panels
for the Hough Hall project at the University of Florida. Mix-1 was also used to cast the
instrumented panel, the concrete was provided by Cemex. Both Mix-2 and Mix-3 were provided
by Cemex.
4.2.2.1 Cement
The cement was provided by the Cemex Brooksville Cement Plant. The Chemical and
Physical properties analyzed by the Cemex Brooksville South Pant are shown in Tables 4-4 and
4-5.
4.2.2.2 Air Entrained Agent
The air entraining agent used by Cemex was the Darex AEA manufactured by Grace
Construction Products. It meets the specifications for Chemical Admixtures for Concrete, ASTM
C260 and AASHTO M154.
The air entraining agent used by Florida Rock Industries is AEA-92 S from Euclid
Concrete Admixtures. It meets the requirements of the following specifications: Corps of
Enginners Specification CRD C-13, ASTM C260, AASHTO M154 and ANSI/NSF STD61.
4.2.2.3 Water Reducer
The water reducer used by Cemex was WRDA 60 manufactured by Grace Construction
Products. It meets the specifications for Chemical Admixtures for Concrete, ASTM C494 (Type
A and D ) and AASHTO M154 (Type A and D). The water reducer used by Florida Rock
Industries was EUCON WR from Euclid Concrete Admixtures. It meets the requirements of
ASTM C494 (Type A and D), AASHTO M194 and ANSI/NSF 61.
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Table 4-4. Chemical properties of cement provided from Cemex
ASTM C-150
Type I
Low Alkali

ASTM C-150
Type II
Low Alkali

AASHTO
M-85
Type I
Low Alkali

Minimum
Maximum
Maximum

-

6
6

-

20
6

20.6
4.9
3.8

Calcium Oxide (CaO) %
Magnesium Oxide (MgO) %
Sulfur Trioxide (SO3) %

Maximum
Maximum

6
3

6
3

6
3

6
3

65.1
0.6
2.8

Loss of Ignition (LOI) %
Insoluble Residue (IR) %
Alkalies (Na2O equivalent) %

Maximum
Maximum
Maximum

3
0.75
0.6

3
0.75
0.6

3
0.75
0.6

3
0.75
0.6

2
0.55
0.35

Carbon Dioxide in cement (CO2) %
Limestone % in cement (ASTM C150 A1)
Ca CO3 in limestone % (2.274 x % CO2 LS)

Maximum
Minimum

5
70

5
70

5
70

5
70

0.57
1.4
89

Maximum

-

8
100

-

8
100

60
14
7
12
91

Standard Chemical Requirements (ASTM C114)
Silicone Dioxide (SiO2) %
Aluminum Oxide (Al2O3) %
Ferric Oxide (Fe2O3) %
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Tricalcium Silicate (C3S) %
Dicalcium Silicate (C2S) %
Tricalcium Aluminate (C3 A) %
Tetracalcium Aluminoferrite (C4 AF) %
(C3S + 4.75 C3A)
C4AF + 2C 3A) or (C4AF + C2F) %

Spec

Maximum
Maximum
Maximum

-

-

-

-

AASHTO
M-86
Type II
Low Alkali

25

Test
Results

Table 4-5. Physical properties of cement provided from Cemex
ASTM
C-150

ASTM
C-1157

AASHTO
M-85

AASHTO
M-86

Type I
Low Alkali

ASTM C150
Type II
Low
Alkali

GU

Type I
Low alkali

Type II
Low Alkali

Test
Results

2800

2800

-

2800

2800

3743

-

4200
-

-

-

4200
-

3743
96.4

Minimum
Maximum

45
375

45
375

45
420

45
375

45
375

87
190

(ASTM C185) Air content of mortar %
(ASTM C 151) Autoclave Expansion %
(ASTM C 187) Normal Consistency %

Maximum
Maximum

12
0.8

12
0.8

0.8

12
0.8

12
0.8

7
0.05

(ASTM C1038) Expansion in water %

Maximum
Max if
specified

0.02

0.02

0.02

0.02

0.02

25.3
0.011

70

76

Specs
(ASTM C204) Blaine Fineness, cm2/g

Minimum

(ASTM C204) Blaine Fineness, cm2/g
(ASTM C430) -325 Mesh %

Maximum

(ASTM C191) Time of setting (Vicat)
Initial Set, minutes
Final set, minutes
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(ASTM C186) 7 day heat of hydration cal/g
(ASTM C109) Compressive Strength, psi
1 Day
3 Days
7 days
28 days

Minimum
Minimum

1740
2760

1450
2470

1450
2465

1740
2760

1450
2470

2229
3957
5033

Minimum

-

-

-

-

-

6717

4.2.2.4 Coarse Aggregates
The coarse aggregate used in these mixes was #57 limestone. The physical properties of
the coarse aggregates provided for this research are shown in Tables 4-6 and 4-7. The gradation
of the coarse aggregates provided by Cemex is shown in Figure 4-1.
Table 4-6. Physical properties of the Cemex coarse aggregate
Fineness Modulus
7.03
ASTM C 127 Specific Gravity (SSD)
2.45
ASTM C127 Absorption
5.80%
Table 4-7. Physical properties of the Florida Rock Industries coarse aggregate
Dry Specific Gravity
2.4
Dry Rodded Unit Weight
90 PCF
Absorption
5.30%

Figure 4-1. Gradation of Cemex coarse aggregate
4.2.2.5 Fine aggregate
The physical properties of fine aggregates provided for this research are shown in Tables
4-8 and 4-9. The gradation of the fine aggregates provided by Cemex is shown in Figure 4-2.
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Table 4-8. Physical properties of the Cemex fine aggregate
Fineness Modulus
2.33
ASTM C 128 Specific Gravity (SSD)

2.63

ASTM C128 Absorption

0.3%

Table 4-9. Physical properties of the Florida Rock Industries fine aggregate
Fineness Modulus
2.18
Dry Unit Weight

100 PCF

Absorption

0.5 %

Figure 4-2. Gradation of Cemex fine aggregate
4.2.2.6 Fly ash
The Chemical and Physical properties of fly ash analyzed by Boral Material Technologies
and provided by Cemex are shown in Tables 4-10 and 4-11.
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Table 4-10. Chemical properties of fly ash
Tests

Results

ASTM C 618
Calss F/C

AASHTO M
295 Class F/C

Chemical Tests
Silicone Dioxide (SiO2) %
Aluminum Oxide (Al2O3) %
Iron Oxide ( Fe2O3) %

57.87
26.79
4.45

Sum of SiO2, Al2O3, Fe2O3 %
Calcium Oxide (CaO) %
Magnesium Oxide (MgO) %

89.11
2.44
0.94

70.0/50.0 min

70.0/50.0 min

Sulfur Trioxide (SO3) %
Sodium Oxide (Na2O) %

0.28
0.54

5.0 max

5.0 max

Potassium (K2 O) %
Total Alkalies (as Na2O ) %

2.41
2.13

Table 4-11. Physical properties of fly ash
Tests

Results

ASTM C 618
Calss F/C

AASHTO M
295 Class F/C

3.0 max
6.0 max
34 max

3.0 max
5.0 max
35 max

0.8 max
75 min*
75 min*
105 max

0.8 max
75 min*
75 min*
106 max

Physical Tests
Moisture Content, %
Loss of Ignition, %
Amount Retained on No. 325 Seive, %
Specific Gravity
Autoclave Soundness, %
SAI, with Portland Cement at 7 days, % of Control
SAI, with Portland Cement at 28 days, % of Control
Water Required, % of Control

0.07
2.32
24.69
2.18
-0.02
82.9
93.7
97.9

* Meeting the 7 day or 28 day Strength Activity Index will indicate specification compliance
4.2.2.7 Slag
The ground granulated blast furnace slag used in this research was provided from Florida
Rock Industries. The chemical and physical properties of slag are shown in Tables 4-12 and 4-13.
Table 4-12. Chemical properties of slag
Slag Chemical Analysis
Sulfide Sulfur (S)
Sulfur Trioxide (SO3)

Maximum Limit
1.04%
2.50%
2.60%
4.00%
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Tables 4-13. Physical properties of slag
Slag Physical Analysis

Composition

Limit

ASTM C-989

2.60%

Maximum

20%

Maximum

12%

Fineness
Retained on 325 sieve ( ASTM C430)
Blaine, m2/kg (ASTM C204)

501

Specific Gravity (ATSM C188)

2.95

Air Content (ASTM C185)

3.90%

ASTM C989 Test Results
Limit
Compressive Strength (psi) - ASTM C 109
50-50 slag and reference Portland cement)

ASTM C-989
Grade 120

7 days :
28 Days :

4600
7090

Slag Activity Index, %
7 days:
28 Days:

95 Minimum
117 Minimum

95%
115%

Reference Cement per ASTM C989
Fineness
Blaine (m2/kg) - ASTM C 204)

371

Compressive Strength (psi) - ASTM C 109
7 days :
28 Days :

4820
6076 Min

Total Alkalis:

0.73%

C3S
C2S
C3A
C4AF

46.4%
24.4%
9.2%
8.3%

Compound Composition

50

5000
0.60-0.90 %

4.3 Preparation of Concrete Specimen
All concrete used in this research was mixed in a ready mix. For each concrete mix, thirty
cylinders (6 inches x 12 inches) and fifteen beams (6 inches x 6 inches x 21 inches) were cast.
Table 4-14 shows a list of concrete samples obtained to test for each mix in this research.
Table 4-14. Concrete specimen for each mix design
Specimen
Number of
Test
Size
samples
6” by 12”
Compressive
Cylinder
15

Time of testing
(days)
1,3,7,14 and 28

Standards
ASTM
C39

Flexure

6” by 6” by 21 “
Beam

15

1,3,7,14 and 28

ASTM
C78

Splitting
tensile

6” by 12”
Cylinder

15

1,3,7,14 and 28

ASTM C
496

Specimens were prepared according to ASTM C 192 (2007). Fresh concrete tests were
performed as soon as the truck unloaded the concrete. For the cylinders, three layers of
approximately equal volume were used to fill the molds. Each layer was rodded 25 times with the
rounded end of a rod. For the beams, two layers of approximately equal volume were used to fill
the mold. The number of roddings per layer for beams was one for each 2 in² of top surface area
of the specimen. After consolidation, the top surface was finished with a trowel. The maturity
loggers were embedded inside two cylinders and two beams of each mix. The embeded loggers
were connected to the reader prior to start up. At that instance, the loggers started recording the
temperature and maturity of the specimens.
The samples were kept in there molds for a full day. After twenty four hours, the samples
were moved to a curing tank at the Rinker Hall Laboratory at the University of Florida. All
specimens were moist cured in a curing tank at 70⁰F according to ASTM C 511 (2005).
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Figure 4-3. Beam and cylinder specimens. A) Samples stored on-site for the first 24 hours.
B) Samples Stored in curing Tank after 24 hours of casting
4.4 Tests on Fresh Concrete
ASTM standard tests were performed on the fresh concrete of each concrete mix used in
this study. The properties of the fresh concrete for each of the three concrete mixes are shown in
Table 4-15.
4.4.1 Slump of Hydraulic Cement Concrete
Slump test was performed for each mix design according to ASTM C 143 (2005). The
purpose of this test is to check the workability of concrete. The procedures of the slump test are as
follows:
The cone was positioned on the base plate with the smaller aperture uppermost. Freshly
concrete was poured into the cone to approximately one third of its depth (4-inches). The concrete
was tamped using 25 strokes of steel rod. Further concrete was added to fill the cone to
approximately two-third depth (ie: other 4-inches of concrete). Again, the concrete was tamped
using 25 stroked of the rod. More concrete was added till the cone was filled to the top and
tamped using a final 25 strokes with the steel rod. Some concrete was added to bring it leveled
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with the top of the cone. The cone was carefully lifted upwards and placed upside-down next to
the concrete. After a minute or so, the unrestrained concrete was settled downwards or “slump”
due to gravity. The steel rod was used to span the inverted cone and the slump was measured to
the nearest ¼ -inch. The results are shown in Table 4-15.

Figure 4-4. Slump test
4.4.2 Air content of Freshly Mixed Concrete by Pressure Method
This test method covered the determination of the air content of freshly mixed concrete
made with dense aggregate according to ASTM C 231(2004). A suitably designed air meter
employing the principle of Boyle’s law was used to determine the air content of the plastic
concrete. An air meter consists of a measuring bowl (capacity of 0.2ft³) and cover assembly with
pressure gauge.
The tools needed to perform this test are:
•
•
•
•

Tamping Rod (5/8” diameter)
Scale ( 0.01lb accuracy)
Mallet- rubber, weighing approximately 1.25 lb
Strike off Bar
The procedures stated in ASTM C231 (2204) were followed in order to determine the Air

content of each mix. The results are shown in Table 4-15.
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4.4.3 Unit Weight
For quality control purposes, the density of concrete should be measured. The unit weight
of concrete varies with the amount and density of the aggregate, the amount of entrapped or
entrained air, the water and cement content. In this research, the unit weight of concrete was
determined according to ASTM C138 (2001). The results are shown in Table 4-15.
4.4.4 Temperature Test
In order to find out the temperature of fresh concrete, ASTM C1064 (2005) procedures
were followed. The results are shown in Table 4-15.
Table 4-15. Properties of fresh concrete mix
Mix-1
Concrete
Mix-1
Samples
Panel
Slump (inches)
4.5"
6.5"
Air Entrained (%)
3
1.3
Temperature (⁰F)
87
95
Unit weight (pcf)
142
149

Mix-2
Concrete
Samples
2.75"
1.9
92
142

Mix-3
Concrete
Samples
3"
2.9
92
138

4.5 Tests on Hardened Concrete
4.5.1 Compression Testing
A compression test was performed for each mix design at ages 1, 3, 7, 14 and 28 days in
accordance with ASTM C 39 (2005).
The compressive strength of each specimen was calculated by dividing the maximum load
carried by the specimen during the test by the average cross-sectional area.
S= P/ π r²

(4-1)

where Ѕ = Compressive strength (psi)
P = Maximum Load carried by the specimen (Lbs)
r = Radius of the specimen (in)
r = 3 inches in this research
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Two specimens were tested at each time interval and the average strength was computed. At
each test age, the average maturity index was also recorded. The average compression strength
was plotted as a function of the average value of the maturity index. The resulting curve is the
compressive strength-maturity relationship to be used for estimating the compression strength of
concrete cured under different temperature conditions.

Figure 4-5. Compression Test for cylinders. A) During testing. B) After testing
4.5.2 Third Point Flexure Test
The Third Point Flexure tests were performed at ages 1, 3, 7, 14 and 28 days according to
ASTM C 78 (2002). In this study, all the fracture initiated in the tension surface occurred within
the middle third of the span length, the Modulus of rupture was calculated as follows:
R= PL/ bd²

(4-2)

where R = modulus of rupture (psi)
P = Maximum applied load indicated by the testing machine (lbf)
L = Span length (in); 18 inches
b = average width of specimen (in); b= 6 inches
d = average depth of specimen (in); d = 6 inches
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Two specimens were tested at each age and the average strength was computed. At each test
age, the average maturity index was also recorded.
The average flexural strength was plotted as a function of the average value of the maturity
index. The resulting curve is the Flexural strength-maturity relationship to be used for estimating
the flexural strength of concrete cured under different temperature conditions.

Figure 4-6. Third point flexure test. A) During testing. B) After testing
4.5.3 Splitting Tensile Test
ASTM C1074 (2004) mentioned the relationship between compressive strength and
maturity and the relationship between flexural strength and maturity. In this research, the
relationship between the splitting tensile strength and maturity was also determined. The same
procedure was followed for the flexural and compressive strength tests in order to develop the
splitting tensile strength-maturity relationship.
Cylinder specimens were prepared according to ASTM C 192 (2007). Each cylinder is 6 by
12 inches. Fifteen cylinders were poured using the same mix design. The splitting tensile tests
were performed at ages 1, 3, 7, 14 and 28 days in accordance with ASTM C 496 (2004) . The
splitting tensile strength of each specimen was calculated as follows:
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T = 2P/πld

(4-3)

where T = splitting tensile strength (psi)
P = maximum applied load indicated by the testing machine (lbf)
l = length of the specimen (in); l= 12inches
d = diameter of the specimen; d= 6 inches
Two specimens were tested at each age and the average strength was computed. At each test
age, the average maturity index for each of the two specimens was also recorded.
The average tensile strength was plotted as a function of the average value of the maturity
index. The resulting curve is the splitting tensile strength-maturity relationship to be used for
estimating the splitting tensile strength of concrete cured under other temperature conditions.

Figure 4-7. Splitting tensile test. A) During testing. B) After testing
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4.6 Maturity Method
4.6.1 Introduction
In Tilt-Up construction, the knowledge of early strength gain in concrete is critical for
deciding when the panel had reached sufficient strength to be lifted and to avoid the risk of failure
during tilting. As mentioned earlier in the literature review, the current practices of estimating inplace concrete strength by testing large numbers of beams and cylinders in the field have been
found to be difficult. A proven method to reduce the use of beam and cylinder samples in the field
is the Maturity Method. This method is a completely non-destructive technique for estimating
concrete strength in the field. The objective of the work presented in this research is to provide
information regarding the accuracy and feasibility of the maturity method for the measurement of
the concrete strength of tilt-up panels. Information is provided regarding the use of the maturity
method for measurement of compressive, flexural and splitting tensile strengths.
4.6.2 Estimating the Strength of Concrete using Maturity Testing
This test was used to estimate the in-place strength of concrete to determine the appropriate
time to lift a tilt-up panel.
There are two alternative equations for computing the Maturity index of concrete. One of
them is expressed in terms of temperature-time (Nurse-Saul method) and the other in terms of
equivalent age at a specific temperature (Arrhenius method).
4.6.2.1 Nurse-Saul method (Temperature-Time)
The Nurse-Saul Equation is:
M = ∑ (Ta-To) Δt

(4-4)

where M = maturity (time-temperature factor) at age t
T (a) = average concrete temperature during time interval Δt
T (o) = datum temperature
Δt = time interval
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4.6.2.2 Arrhenius Method (Equivalent age at specific Temperature)
The Arrhenius equation is:
t(e) =∑ exp {-(Q)[1/(273+Ta)-1/(273+Tr]} Δt

(4-5)

where t(e)=equivalent age at reference curing temperature
Q= activation energy divided by the gas constant (K); (Q= E/R)
E=activation energy, J/mol
R=universal gas constant, 8.3144 J/(mol K)
Ta=average concrete temperature during time interval Δt,°C
Tr=reference temperature, °C
Δt=time interval
Though both functions can predict the strength of in-place concrete equally well, the Nurse
Saul equation was preferred for this study due to its simplicity.
4.6.3 Maturity Testing Process
The maturity testing process shown in (Figure 4-9) consists of two steps: developing the
maturity calibration curve and measuring the maturity of the in-place concrete. From this
information, the strength of the in-place concrete can be monitored and assessed (CPTP 2005).
The following steps were followed:
Step 1: Develop maturity calibration curve by:
•

Determining the datum temperature (T0).

•

Measuring the maturity index: temperature-time factor (TTF)

•

Determining the concrete strength by perform mechanical testing on beam and cylinder
specimens.

•

Establishing relationship between strength values and the maturity index.

Step 2: Estimate the in-place strength of concrete by:
•

Measuring the maturity of in-place concrete

•

Determining the concrete strength from maturity calibration curves developed in the
previous step.
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Figure 4-8. Maturity Testing Process
In this study, the Maturity Method was performed for three different mix designs used in
the tilt-up construction industry.
•
•
•

Plain Concrete (Mix-1)
Concrete with Fly Ash (Mix-2)
Concrete with Slag (Mix-3)

The purpose of choosing three different designs is to show that each design may have
different calibration curves. Correlation curves were developed that related the temperature
history to strength for the specific concrete mixture that was studied. The correlation curve
consists of a maturity index plotted against strength. The maturity index is a value that increases
with age according to a maturity function. From the empirical relations, it will be only necessary
to read the maturity index in order to find out the compressive, flexural and splitting tensile
strengths of concrete.
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4.6.4 Maturity Measurement Device
IntelliRock TM loggers from ENGIUS were used in this study. Based on ASTM C 1074
(2004) Standard Practice for Estimating Concrete Strength by the Maturity Method, IntelliRock TM
maturity loggers analyze the time and temperature profile of in-place concrete to calculate the inplace strength of concrete in real-time, with the push of a button. IntelliRock TM maturity loggers
log temperature and maturity each hour for 28 days and calculate maturity using the Nurse-Saul
(time-temperature factor) as well as the Arrhenius (equivalent age) calculation methods.
The maturity loggers that used the Arrhenius equation to compute the equivalent age are
based on a constant value of activation energy. The activation energy cannot be changed. For
simplicity, this study did not to use these loggers because each mix design will have a different
activation energy value. If the Arrhenius method was to be adopted, temperature loggers would be
preferred. These temperatures will be plugged into the Arrhenius equation in order to determine
the equivalent age.
The Nurse-Saul methodology is more widely used by State highway agencies because of its
simplicity. In this Research maturity loggers that used the Nurse-Saul equation were adopted.
The specifications of the IntelliRock maturity loggers and IntelliRock IITM reader are shown
respectively in Tables 4-16 and 4-17.
Table 4-16. Maturity Loggers specifications
Operating Temperature:
-5 C to 85 °C
Storage Time & Temperature:
0 to 35 °C for 2 years.
Max Temperature measurement
-18 to 99 °C (unwarranted outside of "operating
Range
temperature" range)
Temperature Accuracy
+/- 1 C, -5 to 85 °C
Temperature Resolution
1 °C
Time accuracy
1 minute per month
Temperature measurement rate
1 minute (resolution for min/max)
Maturity integration period
1 minute
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Table 4-17. IntelliRock IITM Reader specifications
Time accuracy
1 minute per month
Logger data storage
999 logger downloads
PC Interface
USB
4.6.5 Corrected Temperature-Time Factor
The use of the Nurse-Saul equation required the determination of datum temperature. The
maturity testing was performed before computing the real datum temperature. The datum
temperature was set to zero degrees Celsius in the Reader. The value of temperature-time factor
displayed by the reader should then be corrected for the new datum temperature as follows
according to ASTM C1074:
Mc= Md – (To-Td) t

(4-6)

where Mc= the corrected temperature-time factor, degree-days or degree-hours
Md= the temperature time factor displayed in step 1
To= the appropriate datum temperature , ºC
Td= the assumed datum temperature
T= the elapsed time from when the test started to when a reading was taken, days or hr.
4.6.6 Determination of Datum Temperature (T0)
The Datum Temperature represents a temperature below which no active hydration of
cement is considered to take place that contributes towards strength development. The datum
temperature for a given concrete depends on:
•
•
•

Type of Cement
Type and Dosage of Admixtures
Temperature of Concrete at the Time of Hardening

The determination of the “datum temperature” via mortar cubes was performed according to
ASTM C1074. For Type I cement without admixtures and a curing temperature range from 0ºC to
40ºC, the recommended datum temperature is 0ºC (35ºF).
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On the other hand, according to a study from the U.S. Department of Transportation (2005)
, the datum temperature using Nurse-Saul equation varies from -10ºC to -12º C (11º F to 14º F)
in concrete pavement.
According to Michael Fox, the president of Engius Constructive Intelligence: “ With most
non-exotic mix designs using Type I and II cements, the majority of projects assume a 0⁰ C
datum.
In this study, the instrumented panel was cast with Mix-1. Only Mix-1 was used to evaluate
the datum temperature. For Mix-2 and Mix-3, a datum temperature of 32⁰F (0⁰C) was assumed.
Three sets of 2 inches mortar cubes were to be prepared. Each set consisted of 18 cubes.
Each set was cured at different temperatures.
In this research, these three temperatures used were:
•
•
•

40ºF = the minimum temperature expected for in-place concrete
68ºF = A median temperature between the high and low values
92ºF = the maximum temperature expected for in-place concrete
For each set of cubes, the compression strength of three cubes was determined according to

ASTM C109 (2008).
During casting the cylinder and beam samples for Mix-1, a fresh concrete was sieved
through the #4 sieve. The concrete passing sieve #4 was used to cast 2in by 2in cubes in order to
determine the datum temperature.
According to the standards, it was required to plot strength gain versus time and fit the data
with the following function:
S= Su [k (t-to)]/[1+k(t-to)]

(4-7)

where S = average cube compressive strength at age t (a variable),
t = test age (a variable),
Su = limiting strength (a regression coefficient),
to = age when strength development begins (a regression coefficient),
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K = the rate constant (a regression coefficient).
The SPSS Software program was used to calculate the best-fit values of “Su”, “to” and “k”
of Equation 4-7.
The k-values versus the curing temperatures were plotted in Chapter 5. The intercept of the
best-fitting straight line with the temperature axis is the datum temperature “T(0)”, used in the
Nurse-Saul method (Equation 4-4).

Figure 4-9. Compression test for mortar cubes. A) Before testing. B) After testing
4.6.7 Correlation curves
The correlation curve equation can be based on any function that accurately describes the
data. This study used the logarithmic function developed by Plowman (1956).
The form of the logarithmic function is as follows:
S= A +B Ln (TTF)

(4-8)

where S = estimated strength of the concrete at a given maturity (a variable),
A and B = regression constants,
TTF = Temperature-time factor known as maturity index (a variable).
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Using MS Excel, the data were generated in order to determine the regression constants and
the correlation equations. MS Excel is also capable of generating logarithmic equations.
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CHAPTER 5
MATURITY AND CONCRETE TESTING RESULTS
5.1 Datum Temperature
Table 5-1 lists the data generated for determining the datum temperature, T(0), of the first
concrete mix design “Mix-1” using the method specified in ASTM C 1074. Equation 4-7 was
fitted to the data for each temperature as shown in Figure 5-1. The corresponding regression
coefficients are given in Table 5-2. The rate constant, K, was plotted for the three test
temperatures as shown in Figure 5-2, and the linear equations shown in the figure were fitted to
the data points. Equation 4-7 was used to determine T(0).
Table 5-1. Data for determining the datum temperature of “Mix-1”*

*

Curing
Temperature
(⁰F)

Age
(days)

Average
Strength
(psi)

40

1
2
4
8
16
32

805
1,438
2,510
4,310
4,660
5,905

Curing
Temperature
(⁰F)

Age
(Days)

Average
Strength
(psi)

68

0.5
1
2
4
8
16

850
2,230
3,390
3,800
5,030
6,140

Numbers are rounded to the nearest integer.

Figure 5-1. Compressive strength development of mortar cubes
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Curing
Temperature
(⁰F)

Age
(Days)

Average
Strength
(psi)

92

0.4
0.8
1.6
3.2
6.4
12.8

955
2,555
3,220
4230
5,170
5,320

Table 5-2 Calculated regression coefficients for Equation 4-7
Curing
Mix
T(0)
Temperature (⁰F)
Design
Su (psi)
K (1/days)
(days)

Mix-1

40
68
92

6858.263
6752.818
5764.011

0.172
0.425
1.033

0.315
0.044
0.18

Figure 5-2. Determination of T(0) for Mix-1
Figure 5-2 shows that Mix-1 had an actual datum temperature of 33⁰F (0.5⁰C). It is fair
enough to use a datum temperature of zero.
5.2 Maturity Correlation Curves
Table 5-3, 5-4, 5-5 show the maturity, compressive, flexural and splitting tensile strength
data used for the correlation curves for all mixes studied in this research. The temperature-time
factors were recorded for each of the maturity meter at the time of the cylinder and beam tests.
Only two cylinders and two beams tests were required at each specified time. The average values
for the maturity indices, the compressive, flexural and splitting tensile strength were calculated
and plotted in Figure 5-3 to 5-10 . Appendix B shows the temperature and maturity data recorded
by the maturity loggers in this study. Correlation curves were generated based on Equation 4-8.
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Table 5-3. Maturity and strength data for the correlation curves for Mix-1*
Cylinder Specimen
Beam Specimen
Average
Average
Average
TemperatureAverage
Tensile
TemperatureAverage
Time Time Factor (C- Compressive
Strength
Time Factor
Flexural
(Days)
hour)
Strength (psi)
(psi)
(C-hour)
Strength (psi)
1
792
2279
208
847
412
3
1806
3468
277
1834
541
7
3737
4391
342
3770
598
14
7096
5179
365
7154
638
28
13647
5969
405
13697
688
*
All Numbers are rounded to the nearest integer

Figure 5-3. Correlation curve between Compressive strength and the temperature-time maturity
index for Mix-1
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Figure 5-4. Correlation curve between Flexural strength and the temperature-time maturity index
for Mix-1

Figure 5-5. Correlation curve between splitting tensile strength and the temperature-time maturity
index for Mix-1
Table 5-4. Maturity and strength data for the correlation curves for Mix-2*
Cylinder Specimen
Beam Specimen
Average
Average
Average
TemperatureAverage
Tensile
Temperature-Time Average
Time Time Factor (C- Compressive
Strength
Factor
Flexural
(Days)
hour)
Strength (psi)
(psi)
(C-hour)
Strength (psi)
1
652
2238
249
745
438
3
1711
3189
318
1746
612
7
3780
4622
353
3727
710
14
7553
5230
377
7404
755
28
14684
5938
410
14467
791
*
All Numbers are rounded to the nearest integer
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Figure 5-6. Correlation curve between Compressive strength and the temperature-time maturity
index for Mix 2

Figure 5-7. Correlation curve between Flexural strength and the temperature-time maturity index
for Mix 2

Figure 5-8. Correlation curve between splitting tensile strength and the temperature-time maturity
index for Mix 2
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Table 5-5. Maturity and strength data for the correlation curves for Mix-3*
Cylinder Specimen
Beam Specimen
Average
Average
Average
Average
TemperatureAverage
Tensile
TemperatureFlexural
Time
Time Factor
Compressive
Strength
Time Factor
Strength
(Days)
(C-hour)
Strength (psi)
(psi)
(C-hour)
(psi)
1
811
943
106
810
168
3
1916
1664
190
1922
347
7
4051
2332
282
4061
472
14
7553
2963
292
7569
541
28
14610
3344
316
14661
621
*
All Numbers are rounded to the nearest integer

Figure 5-9. Correlation curve between compressive strength and the temperature-time maturity
index for Mix-3

Figure 5-10. Correlation curve between flexural strength and the temperature-time maturity index
for Mix-3
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Figure 5-11. Correlation curve between splitting tensile strength and the temperature-time
maturity index for “Mix-3”
5.3 Evaluation of Maturity Curves
The final step of the maturity method is to evaluate the adequacy of the correlation
formulas. This evaluation was performed on two different tilt-up panels poured with “Mix- 1”as
described in Chapter 4. The first panel was one of the tilt-up panels used to build the UF Hough
Hall. The second panel was the small scale panel casted and lifted at the Perry Construction yard.
Figure 5-3 was used to estimate the compressive strength, Figure 5-4 to estimate the flexural
strength and Figure 5-5 to estimate the splitting tensile strength.
The correlation formulas obtained from these figure are:
S = 1289.9 ln(TTF) – 6265.5 (for compression)
MR= 94.466 ln(TTF) – 197.16 (for flexure)
ST = 68.738 ln(TTF) – 241.34 (for splitting tensile)

(5-1)
(5-2)
(5-3)

where S= Compressive strength in psi
MR= Modulus of Rupture or Flexural strength in psi
TTF= Temperature-time factor known as Maturity Index in ⁰C-hours
ST= Splitting tensile strength in psi
The evaluation was only performed for the flexural and compressive strength correlation
formulas.
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5.3.1 UF Hough Hall Panel
Before casting one of the tilt-up panels of the UF Hough hall, two maturity loggers were
embedded. The panel studied was poured with “Mix-1” studied in Chapter 4. While casting the
panel, two beams and two cylinder samples were poured and left near the panel in order to have
the same curing conditions.
At the day of tilt, 6 days after the concrete was poured, and just before lifting the panel,
compression and flexure tests according to ASTM standards were performed on the samples left
in the field. Maturity was also recorded from the embedded loggers. A comparison between the
strengths estimated from the calibration curves and the samples testing is shown in Table 5-6 and
Figures 5-12 and 5-13:
Table 5-6. Maturity and strength data for verification purposes of the UF Hough Hall panel
DAY 6

Maturity
Index
(⁰C-hrs)

Compressive strength
using equation (psi)

Flexural Strength
using Equation
(psi)

Beam Flexural
Strength Test
(psi)

Cylinder
Compressive
Strength Test (psi)

4,126
4,378

4,473.00
4,549.47

589.28
594.88

591
604

4,538
4,591

Figure 5-12. Comparison between the maturity correlation curve and compressive strength
verification data (UF Hough Hall Panel)
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Figure 5-13. Comparison between the maturity correlation curve and flexural strength verification
data (UF Hough Hall)
From Table 5-6, on the day of tilt, the maturity method estimated an average compressive
strength of 4,511psi. The compressive tests performed on the cylinders left near the panel resulted
of an average value of 4,565 psi. The average flexural strength estimated by the correlation
formulas was 592 psi. The flexure tests performed on the beams left near the panel resulted in an
average value of 598 psi. The strengths values ended up to be very close. This evaluation has
proved that maturity method is a good mean of estimating the in-place strength of concrete.
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Figure 5-14. Embedded maturity loggers. A) Before pouring concrete. B) Reading maturity index

Figure 5-15. Lifting the panel at UF Hough Hall
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5.3.2 Perry Construction Yard Panel
In order to find out how accurate these curves are, the tilt-up panel discribed in Chapter 6
was poured using Mix-1 design.
Two Maturity loggers were embedded inside the panel while pouring. Beam and cylinder
samples were casted with same concrete mixture used to pour the panel. These samples were left
near the panel in order to cure in the same environment as the wall (Figure 5-18). The
verifications of the curves were performed at days 3, 7 and 10 after pouring.
At each of these three days, compressive testing for cylinders and flexure testing for beams
were performed. At the same time, the temperature time factor was read using the maturity reader
(Figure 5-19). The temperature-time factor was integrated in Equations 5-1 and 5-2.
A comparison between the strength estimated by the curves and the actual testing results
was performed in Table 5-7 and Figures 5-16 and 5-17.

Table 5-7. Maturity and strength data for verification purposes of the Perry Yard panel
Compressive
Flexural
Beam
Cylinder
Maturity strength
Strength
Flexural
Compressive
Index
using equation
using Equation Strength Test Strength Test
(⁰C-hrs) (psi)
(psi)
(psi)
(psi)
1,960

3,512.84

518.96

548

3,707

1,976

3,523.33

519.73

554

3,737

4,291

4,523.58

592.98

625

4,738

4,240

4,508.16

591.85

631

4,697

6,811

5,119.54

636.62

633

5,077

Day 10 6,891

5,134.60

637.73

645

4,989

Day 3

Day 7
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Figure 5-16. Comparison between the maturity correlation curve and compressive strength
verification data (Perry Yard Panel)

Figure 5-17. Comparison between the maturity correlation curve and flexural strength verification
data (Perry yard Panel)
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Figures 5-16 and 5-17 show that the verification data are slightly underestimating the
compressive and flexural strength at Days 3 and 7. On the other hand, the flexural strength is very
well predicted at Day 10. The compressive strength was slightly overestimated. However, the
calibration curves were determined using Mix-1 provided by Florida Rock Industries and the
panel was pouring using also Mix-1 but provided by Cemex ready mix. This difference in sources
of materials might be the cause of this slight variance in values.

Figure 5-18. Samples stored near the panel. A) Beam samples. B) Cylinder samples

Figure 5-19. Reading the maturity index
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5.4 Concrete Correlation Formulas
Correlation formulas between different types of strength for concrete were established for
the three mix designs studied. In the following section, each formula will be compared to an
existing equation that is currently used in concrete construction.
5.4.1 Relationship Between Compressive and Flexural Strength
In this section, the relationship between compressive and flexural strength was conducted
for the three mix designs studied. In order to evaluate the results, it is suggested to compare the
obtained equations with currently used ones in estimating the flexural from the compressive
strength.
Most of the formulas correlating compressive to flexural strength are of the form:
MR= A x f’c B

(5-4)

where MR= Modulus of Rupture or Flexural Strength in psi
f’c = Compressive strength of concrete in psi
A = Coefficient
B = Coefficient
ACI Committee 435 suggested that a reasonable estimate to the flexural strength varies
from 7.5 to12 √f’c:
MR= 7.5 x f’c1/2

(5-5)

MR= 12 x f’c1/2

(5-6)

On the other hand, ACI Committee 330, Guide for Design and Construction of Concrete
Parking Lots, uses another formula to estimate flexural strength:
MR= 2.3 x f’ c 2/3

(5-7)

Furthermore, a study by the Florida State Road Department and Portland Cement
Association reported the following relationship:
MR= 1.66 x f’ c 0.71

(5-8)
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Equation 5-8 was updated when using #57 limestones from South Florida. The suggested formula
is in the form of:
MR= 1.572 x f’ c 0.71

(5-9)

The relationship between compressive strength and the flexural strength was developed for
each Mix design and plotted in Figures 5-20 to 5-22. Regression equations were developed to
present the best fit relationship between compressive and flexural strength.

Figure 5-20. Correlation curve between flexural strength and compressive strength for “Mix-1”
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Figure 5-21. Correlation curve between flexural strength and compressive strength for “Mix-2”

Figure 5-22. Correlation curve between flexural strength and compressive strength for “Mix 3”

81

Figures 5-20 to 5-22 show the relationships between compressive and flexural strengths for
the three different mix designs studied.
Each mix design had its own correlation formula as shown below:
For Mix 1: MR= 7.3654 x f’c 0.5231

(5-10)

For Mix 2: MR= 5.0264 x f’c 0.5857

(5-11)

For Mix 3: MR = 0.1588 x f’c 1.0253

(5-12)

In the following analysis, a comparison between these studied correlation formulas and
existing ones is performed.
Equation 5-5 underestimated the flexural strength for mixes 1 and 2. On the other hand, it
overestimated the flexural strength of Mix 3 for day 1, then underestimated it starting day 3 and
up. For all three mix designs, Equation 5-6 overestimated the flexural strength. For Mix 1,
Equations 5-7, 5-8 and 5-9 had good estimates for flexural strength at days 1 and 3. These
equations overestimated it afterwards.
For Mix 2, Equations 5-7, 5-8 and 5-9 underestimated the flexural strength except at day 28.
At that day, Equation 6-5 had a very close estimate.
For Mix 3, Equations 5-7, 5-8 and 5-9 underestimated the flexural strength at day 1 and
overestimated it at day 7 and above. At day 3, these equations made good predictions.
As it is seen from the above comparisons, each mix design had its own correlation formula
relating compressive to flexural strength. It is interesting to note that using a specific existing
formula can overestimate or underestimate the flexural strength of the same mix design depending
on the required day of finding the strength.
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5.4.2 Relationship Between Splitting Tensile Strength and Compressive Strength
Most of the formulas correlating compressive to flexural strength are of the form:
fst= A x f’c B

(5-13)

where fst = Splitting tensile strength in psi
f’c = Compressive strength of concrete in psi
A = Coefficient
B = Coefficient
Nilson(1991) noted that the split-cylinder strength is around 6 to 8√f’c for normal concrete.
fst = 6 x f’c 1/2
fst = 8 x f’c 1/2

(5-14)
(5-15)

The relationship between compressive strength and the splitting tensile strength was
developed and plotted in Figures 5-23 to 5-25.

Figure 5-23. Correlation curve between splitting tensile and compressive Strength for “Mix-1”
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Figure 5-24. Correlation curve between splitting tensile and compressive Strength for “Mix-2”

Figure 5-25. Correlation curve between splitting tensile and compressive Strength for “Mix-3”
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As shown in Figures 5-23 to 5-25, the actual splitting tensile strength of both mixes were
low compared to the formulas suggested by Nilson (1991)for normal concrete. These low values
might be explained by the use of # 57 limestone. The limestone used had a specific gravity of
2.45 compared to other coarse aggregates like gravel that have a specific gravity of 2.6 or more.
The correlation formulas relating compressive to splitting tensile strength obtained from
this study are the following:
For Mix 1: fst= 0.9535 x f’c 0.697

(5-16)

For Mix 2: fst= 6.518 x f’c 0.4756

(5-17)

For Mix 3: fst= 0.274 x f’c 0.8775

(5-18)

This research had shown once again, that existing correlation formulas to estimate splitting
tensile from compressive strength are not applicable for all mix designs. Each mix design has its
own correlation formula.
5.4.3 Relationship Between Splitting Tensile Strength and Flexural Strength
The relationship between flexural strength and the splitting tensile strength was developed
and plotted in Figures 5-26 to 5-28.

Figure 5-26. Correlation curve between splitting tensile and flexural strength for “Mix-1”
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Figure 5-27. Correlation curve between splitting tensile and flexural strength for “Mix-2”

Figure 5-28. Correlation curve between splitting tensile and flexural strength for “Mix-3”
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Regression equations 5-19 to 5-21 were developed to present the best fit relationship
between flexural strength and splitting tensile strength.
For Mix-1: MR= 7.7783 x f’st 0.7472

(5-19)

For Mix-2: MR= 0.5018 x f’st 1.2309

(5-20)

For Mix-3: MR= 0.8013 x f’st 1.1488

(5-21)

Popovics (1998) listed the strength and related properties of concrete as shown in Table 5-9
in order to present the ratio of splitting tensile strength over flexural strength. There is not single
ratio or even interval that can be used in order to correlate splitting tensile to flexural strength. In
this study, the ratios were conducted in Tables 5-10, 5-12 and 5-14. A descriptive analysis was
performed of the ratios (Tables 5-11, 5-13 and 5-15).
A confidence level of 95% was chosen for this research. The confidence interval is
calculated using Equation 6-19:
CI = Xave ± tcr [ SD/√n]

(5-22)

where : CI = 95% confidence interval
Xave= average or mean value
tcr= Critical “t”value = 1.96 from Table 5-8
SD= Standard deviation
n= sample size (5)
Table 5-8. Critical “t” values respected to the confidence level
Confidence
Critical "t"
Interval
α
Value
90%
0.1
1.65
95%

0.05

1.96

99%

0.01

2.58

99.50%

0.005

2.81

99.90%

0.001

3.29
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Table 5-9. Comparison between splitting and flexural strength

Source: (Popovics 1998)
Table 5-10. Ratios of Splitting tensile over Flexural strength for “Mix-1”
Splitting
Splitting
Tensile Flexure Tensile/
Time
(Days)
(psi)
( psi)
Flexure
1
208
412
0.505
3

277

541

0.512

7

342

598

0.572

14

365

638

0.572

28

405

688

0.589
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Table 5-11. Descriptive analysis for the ratios of “Mix-1”
Mean
0.550
Standard Error
0.017
Median
0.572
Standard Deviation
0.039
Sample Variance
0.001
The confidence interval for Mix 1 is calculated using Equation 5-22:
CI= 0.55 ± 1.96 [0.039/√5]
The 95% confidence interval is equal to [0.52; 0.58].
When using Mix-1, there is 95% confidence that the ratio of the splitting tensile strength over the
flexural strength lies between 0.52 and 0.58.
Table 5-12. Ratios of splitting tensile over flexural strength for “Mix-2”
Splitting
Splitting
Time
Tensile Flexure Tensile/
(Days)
(psi)
( psi)
Flexure
1
249
438
0.568
3
318
612
0.520
7
353
710
0.497
14
377
755
0.499
28
410
791
0.518
Table 5-13. Descriptive analysis for the ratios of “Mix-2”
Mean
0.552
Standard Error
0.016
Median
0.544
Standard Deviation
0.036
Sample Variance
0.001
The confidence interval for Mix 2 is calculated using Equation 5-22:
CI= 0.522 ± 1.96 [0.036/√5]
The 95% confidence interval is equal to [0.49; 0.55].
When using Mix-2, there is 95% confidence that the ratio of the splitting tensile strength over the
flexural strength lies between 0.49 and 0.55.
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Table 5-14. Ratios of Splitting tensile over Flexural strength for “Mix-3”
Splitting
Splitting
Tensile Flexure Tensile/
Time
(Days)
(psi)
( psi)
Flexure
1
106
168
0.631
3

190

347

0.548

7

282

472

0.597

14

292

561

0.520

28

316

621

0.509

Table 5-15. Descriptive analysis for the ratios of “Mix-3”
Mean
0.561
Standard Error
0.023
Median
0.548
Standard Deviation
0.0519
Sample Variance
0.003
The confidence interval for Mix 3 is calculated using Equation 5-22:
CI= 0.561 ± 1.96 [0.0519/√5]
The 95% confidence interval is equal to [0.52; 0.61].
When using Mix-3, there is 95% confidence that the ratio of the splitting tensile strength over the
flexural strength lies between 0.52 and 0.61.
The results have shown once again that each mix design has its own relationship between
splitting tensile and flexural strength.
5.5 Estimating the Flexural and Splitting Tensile Strength using Existing Correlation
Formulas
In tilt-up construction, to estimate the flexural strength of a concrete panel at the day of
lifting is just as important as determining the compressive strength.
The target of this section is to determine the flexural strength and splitting tensile strength
of concrete using existing correlation formulas based on compressive strength. The results were
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compared to the experimental data. This comparison is performed for the three mix designs
studied in this research.
A summary of the results at day 7 and day 28 are listed in Tables 5-16 and 5-17.
Day 7 is chosen to be an early age date. Day 28 is chosen because most of the formulas
were based on the 28-day compressive strength.
Table 5-16. Comparison between existing formulas and experimental results at day 7
Equation

Equation 5-5
7.5 x f’c0.5
Equation 5-6
12 x f’c0.5
Equation 5-7
2.3 x f’c2/3
Equation 5-8
1.66 x f’c0.71
Equation 5-9
1.572 x f’c0.71
RANGE
Experimental
Results
Equation 5-14
6 x f’c0.5
Equation 5-15
8 x f’c0.5
RANGE
Experimental
Results

Mix-1
7-day compressive strength
4,391 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

Mix-2
7-day compressive strength
4,622 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

Mix-3
7-day compressive strength
2,332 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

497

-

510

-

362

-

795

-

815

-

579

-

617

-

638

-

404

-

640

-

664

-

409

-

606
497-795

-

629
510-815

-

387
362-579

-

598

-

710

-

472

-

-

398

-

407

-

289

-

530
398-530

-

543
407-543

-

386
289-386

-

340

-

353

-

282

Table 5-16 shows that the experimental results for flexural strength of Mix-1 matched
Equation 5-9 of the Florida State Road Department and Portland Cement Association. As far as
for Mix-2, only Equation 5-6 overestimated the flexural strength and the rest underestimated it.
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On the other hand, all the formulas underestimated the flexural strength of Mix-3 except
Equation 5-6 from the ACI codes that overestimated it.
The estimation of the splitting tensile strength resulted in both formulas overestimating the
splitting tensile strength of concrete. As mentioned earlier, this may be due to the low specific
gravity of #57 limestone used in the mixes.
Table 5-17. Comparison between existing formulas and experimental results at day 28
Equation

Equation 5-5
7.5 x f’c0.5
Equation 5-6
12 x f’c0.5
Equation 5-7
2.3 x f’c2/3
Equation 5-8
1.66 x f’c0.71
Equation 5-9
1.572 x f’c0.71
RANGE
Experimental
Results
Equation 5-14
6 x f’c0.5
Equation 5-15
8 x f’c0.5
RANGE
Experimental
Results

Mix-1
28-day compressive strength
5,969 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

Mix-2
28-day compressive strength
5,938 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

Mix-3
28-day compressive strength
3,344 psi
Flexural
Strength
Splitting Tensile
(psi)
Strength (psi)

579

-

578

-

433

-

927

-

925

-

694

-

757

-

754

-

514

-

796

-

793

-

527

-

754
579-927

-

751
578-925

-

500
433-694

-

688

-

791

-

621

-

-

463

-

462

-

346

-

618
463-618

-

616
462-61

-

462
346-462

-

405

-

410

-

316

Table 5-17 shows that the experimental results for flexural strength of Mix-2 matched
Equation 5-8 of the Florida State Road Department and Portland Cement Association. As for
Mix-1, only Equation 5-5 underestimated the flexural strength and the rest overestimated it.
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On the other hand, all the formulas underestimated the flexural strength of Mix-3 except
Equation 5-6 which over estimated it. The estimation of tensile strength resulted in both formulas
overestimated the splitting tensile strength of concrete. As mentioned earlier, this might be due to
the low specific gravity of #57 limestone used in the mixes.
It appears that the existing correlation formulas to determine flexural and splitting tensile
strength based on the compressive strength are not valid for all mix designs at all times. Each mix
design has its own correlation formulas that need to be determined by testing sample cylinders
and beams.
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CHAPTER 6
TILT-UP PANEL INSTRUMENTATION
6.1 Introduction
What differentiates tilt-up wall design from a regular shear wall design is that the panels
must be designed not only for the in-place service loads but also for the stresses that occur during
lifting. Sometimes the lifting stresses require additional reinforcement beyond that required for
the in-place service loads (TCA 2005).
No references were found whereby tilt-up concrete panels have actually been instrumented
and bending stresses measured in the field during tilting. On the other hand, many companies are
using their own software to calculate the stresses in a panel during the lifting sequences as the
panel rotates from zero to ninety degrees.
A major goal of this study is to determine the actual stresses in a tilt-up wall panel during
lifting from zero to ninety degrees. In order to achieve this target, a tilt-up wall panel was
designed, built, instrumented and lifted in a way that suited the laboratory available at the
University of Florida. This chapter will provide detailed information about this process.
6.2 Panel Design
Designing a tilt-up wall panel was not a major goal in this study, the purpose of this
research was to analyze the actual stresses that occurred in a wall panel during lifting. Steinbiker
& Associates Inc, a structural design firm, offered their staff and experience in order to design
the Panel (Figure 6-1).
It was decided to use the facilities of the University of Florida in order to perform all the
tests needed. In-house facilities are less time consuming and cost effective. The Perry
Construction Yard of the Rinker School of Building Construction was chosen to be the place of
casting and tilting the desired tilt-up panel. This facility has a two (2) tons capacity lifting crane.
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The hook of the crane could reach a maximum of thirteen (13) feet height above the finished
floor. The capacity of the crane and its height were the major constrains in designing the panel.
The weight of the panel and its height were limited due to these constrains. This is why the test
panel used had a smaller scale than a typical panel built for an actual project.

Figure 6-1. Panel’s Dinemsions as designed by Steinbiker & Associates Inc
•
•
•
•
•
•

Thickness= 3.5 Inches
28-day compressive strength = 4000psi
Compressive strength at day of lifting = 2500psi.
Reinforcement : #4 bars
Two (2) Lifting inserts at 7 ft from the bottom
A 4ft by 4ft opening
6.3 Preliminary Static Calculations
Some of the preliminary static calculations were performed in order to determine at which

angle of inclination the maximum stresses occurred. The locations of the maximum stresses were
also determined. These preliminary static calculations helped in determining the locations where
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to install the surface mount strain gages used in this research. These calculations were based on
statics analysis.
6.3.1 Sign Convention and Assumption
In the preliminary static calculations, a positive moment indicates a moment occurring on
the bottom part of the panel. A negative moment indicates a moment occurring on the top part of
the panel. The bottom part of the panel is the one facing the floor. The top part of the panel is the
exposed one.
In this section, the following calculations did not take into consideration any, suction,
dynamic and/or load factors. The calculations were done using pure statics. Other preliminary
static calculations shown in Appendix C took into consideration a suction factor of 1.5.
6.3.2 Critical Angle of Inclination
It is important to estimate at which angle of inclination the maximum bending moments
occurred. For simplicity, the panel was assumed to be a simply supported beam with a uniformed
applied dead load. This assumption is acceptable for a 1 wide x 2 high rigging system.

Figure 6-2. Load, Shear, and Moment Diagrams for a simply supported beam
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As shown in Figure 6-2, the maximum moment at zero degree inclination is computed
from the following formula:
M(max)= (WL²)/8

(6-1)

where: W = weight of the panel (PLF)
L = height of the panel
During lifting, an angle of “α” will occur between the floor slab and the panel (Figure 6-3)

Figure 6-3. Angle of inclination during lifting
From Equation 6-1, the maximum moment calculated at a given angle of inclination “α” is
determined as:
M= [(w/ Cos α) x (L Cos α) ²]/ 8
M = W L²( Cos α)
8
The maximum moment will occur when α =0; Cos α = 1.
From the above calculation, the maximum stresses should occur at zero degrees of
inclination. All the following calculations were performed at 0o inclination as it is considered the
critical case.

97

6.3.3 Moments Calculations in the Y-Y Direction
In order to find the distributed weight of the wall, the panel was divided into three sections
as shown in Figure 6-4. This weight division was used in order to determine the stresses in the
Y-Y direction.

Figure 6-4. Wall section divisions in order to determine stresses in the Y-Y direction
The Unit Weight of concrete used in these calculations is 150 lbs/ft³.
W1 = Weight of section 1
W2= Weight of section 2
W3= Weight of section 3
NB: These calculations have not taken into consideration any suction, dynamic or load factors.
W1 = 10ft x 3.5in x 1 ft/in x 150 pcf = 437.5 lb/ft
12
W2 = 6ft x 3.5in x 1 ft/in x 150 pcf = 262.5 lb/ft
12
W3 = 10ft x 3.5in x 1 ft/in x 150 pcf = 437.5 lb/ft
12
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The load, shear, and moment diagrams of the panel at zero degree inclination are shown in
Figure 6-5.

Figure 6-5. Load, shear and moment diagram of the panel at zero degrees inclination(Y-Y
Direction)
Reaction at A is the floor reaction. Reaction at B is considered equal to both inserts
tension. The floor reaction at zero degrees inclination is 1006.3 lbs (Figure 6-5). Both lifters
reactions are 2231.2 Lbs. Each insert had a tension of 2231.2/2 =1115.6 Lbs
From the moment diagram it is shown that the maximum moment of 1,403.6 ft-lbs will
occur at 3.17 ft from the floor at the bottom a of the panel (Figure 6-5 and 6-6). A moment of
875 ft-lbs is also shown at 7ft from the floor at the top part of the panel.
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Figure 6-6. Moments acting on the panel in the Y-Y direction
6.3.4 Stresses Calculations in the Y-Y Direction
At 3.17 ft from the floor on the bottom part of the panel, the stresses were determined
using Equation 6-2
Sb = M/ Sx

(6-2)

where: Sb = Bending Stress (psi)
M= Bending Moment (in-lb)
Sx= Section Modulus(in³)
The section modulus is determined using equation (6-3)
Sx= (bd²)/6

(6-3)

where: Sx= Section Modulus (in³)
b= width of the section studied (in)
d= Thickness of the panel (in)
Sx= (10ft – 4 ft) x 12 (in/ft) x (3.5in)² = 147 in³
6
Sb = M/ Sx= 1,403.6 lb-ft x 12(in/ft) = 114.58 psi
147 in³
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The stresses at the bottom part of the panel, 3.17ft from the floor was estimated to be
114.58 psi. At 7 ft from the floor on the top part of the panel, the stresses were determined using
Equation 6-2.
Sx= bd²= (10ft ) x 12 (in/ft) x (3.5in)² = 245 in³
6
6
Sb = M/ Sx= 875 lb-ft x 12(in/ft) = 42.86 psi
245 in³
The stresses at the top part of the panel 7ft from the floor were estimated to be 114.58 psi.
6.3.5 Wide Lift Analysis
The wide lift analysis was performed in order to determine the stresses in the X-X
direction across the inserts. In order to find the distributed weight of the wall, the panel was
divided into three Sections as shown in Figure 6-7. This weight division was used in order to
determine the stresses in the X-X direction.

Figure 6-7. Wall section divisions in order to determine stresses in the X-X direction
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The Unit Weight of concrete used in these calculations is 150 lb/in³.
•
W1 = Weight of section 1
•
W2= Weight of section 2
•
W3= Weight of section 3
NB: These calculations have not taken into consideration any suction, dynamic or load factors.
From the Shear diagram in Figure 6-5, the base reaction is equal to 1006.3 lbs and the
zero shear occurred at 3.17 ft from the floor.
W1 = (9ft-3.17) x 3.5in x 1 ft/in x 150 pcf = 255.2 lb/ft
12
W2 = 4ft x 3.5in x 1 ft/in x 150 pcf = 175 lb/ft
12
W3 = (9ft-3.17ft) x 3.5in x 1 ft/in x 150 pcf = 255.2 lb/ft
12
From the analysis of finding the floor reaction and lifting tensions, Figure 6-5 showed that
it is required to impose a reaction of 1,115.6 Lbs at each insert.
Reaction at A and reaction at B should be equal (Figure 6-8). These reactions represent the
tension of each lifting cable. These tensions should be equal to avoid any rotation of the panel
during tilting.

Figure 6-8 .Load diagram for the wide lift analysis after imposing equal reactions
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Figure 6-9. Shear diagram for the wide lift analysis after imposing equal reactions

Figure 6-10. Moment diagram for the wide lift analysis after imposing equal reactions
As shown in Figure 6-10, the moment diagram did not close at zero on the right side. In
order to do that, a moment shift of 192.4 ft-lbs should be added to the right insert.
•
•
•
•

The right insert would have a corrected moment of: -433.3-192.4 = -625.7 ft-lbs
The moment at the left insert will remain: -404.86 ft-lbs
The central moment will remain: 484.98 lbs-ft
The final Moment diagram considered is shown in Figure 6-11.
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Figure 6-11.Moment diagram along the X-X direction at the insert location
6.3.6 Stresses Calculations in the X-X direction at 7ft
To convert moments to stresses, a 4 ft tributary width was used as shown in Figure 6-12.
The stress at the right insert was calculated using Equation 6-3.
Sb = M/ Sx= 625 .7 lb-ft x 12(in/ft) = 76.62 psi
4ft x 12(in/ft) x 3.5²/ 6
The stress at the left insert was calculated using Equation 6-3.
Sb = M/ Sx= 404.86 lb-ft x 12(in/ft) = 49.57 psi
4ft x 12(in/ft) x 3.5²/ 6
The stress at 4.54ft from the edge was calculated using Equation 6-3
Sb = M/ Sx= 484.96 lb-ft x 12(in/ft) = 59.38 psi
4ft x 12(in/ft) x 3.5²/ 6
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Figure 6-12. Four (4) feet tributary band
6.4 Finding Stresses Using 1.5 Suction Factor
Following the same procedure described in Section 6.3, the stresses of the panel were
determined using a suction factor of 1.5 at zero degrees inclination. The detailed calculations are
provided in Appendix C. The comparison of the results is discussed in Chapter 7.

6.5 Checking For Safety
During the tilt-up concrete construction process, when concrete panels are lifted off the
casting slab or panel stacks, suction loads can occur. These add direct loading to the crane and
lifting gear. In some situations the suction loads can cause lifting gear failure, structural crane
damage or crane instability in the case of mobile cranes. Suction loads can also damage concrete
panels. These loads should be considered as part of the dead load that the designer should take in
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consideration. They occur at separation (lift off) from the casting bed. They may vary according
to the finish of the panel and the type of form or casting bed. For concrete cast onto a steel bed, a
20% increase should be applied to the dead load. When casting concrete onto concrete casting
beds, a 40% increase should be applied to the dead load. Where the casting bed has a profiled or
textured surface the “suction” load may exceed 100% of the dead load.
It is also important to take into consideration a dynamic factor due to the lifting. The size
of the dynamic loading is mainly determined by the choice of the lifting equipment. The speed of
lifting has also an influence. The Australian Standard AS 3850 (2003) requires that lifting inserts
be designed, manufactured and installed such that the Working Load Limit (factor of safety) is at
least 2.5 against failure. A minimum dynamic and impact factor of 20% of the dead load of the
panel must also be incorporated into the design.
If using a suction factor of 1.4 and a dynamic factor of 1.2, the safety factor considered
should be greater than 1.4 x1.2= 1.68 at zero degree of inclination.
It was important to make sure that the design panel could be lifted by the crane available in
the Perri Construction Yard. The crane is an ER020L Hurrington Electric Chain Hoist. It has a 2
Tons lifting capacity. The lifting speed is 14ft/sec.
The first constrain was that the height of the panel cannot exceed the height of the hook of
the crane.
Height of panel = 9ft < Height of the hook = 13ft

(OK)

The second constrain is not to exceed the two tons capacity of the crane. The weight of the
Panel should not exceed the capacity of the crane.
Panel Weight= [Gross Volume of the Panel – Volume of the Opening] x Unit Weight of
Concrete.
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[9ft x 10ft X 3.5in /(12 in/ft) – 4ft x 4ft X 3.5in /(12 in/ft) ] x 0.15 Kips/ft³ = 3.24Kips.
Panel Weight = 3.24kips < Crane Capacity = 4 kips (OK)
In order to be on the safe side the suction factor was taken into consideration. At zero
degrees the vertical reaction is around 1007 lbs (Figure 6-5).
This will lead that the actual weight on the cables at zero degrees is:
3237lbs – 1007 lbs = 2230 lbs.
The factor of safety at zero degrees = Crane Capacity / Weight supported by cables
= 4,000lbs/2,230lbs = 1.794 > 1.68 (OK)
In addition the full panel weight is considered at 90 degrees where there is no suction:
Factor of safety at 90 degrees = Crane Capacity / Weight supported by cables
=4,000lbs/3,237lbs = 1.24 > 1.2 (OK).
After checking the safety of the design, the construction of the panel was the following
step. The procedure of casting the slab, formwork and steel installation, and casting the panel are
described in details in the following sections.
6.6 Panel’s Construction
6.6.1 Casting The Slab
The panel was casted inside the Perry Construction yard of the University of Florida. The
plan was to pour the panel on the slab floor. It was observed that the floor was not leveled. As a
solution, an 11 ft by 11ft by 3.5 inches thick new slab was casted above the original laboratory
floor slab. Plastic sheets were used in order to prevent the concrete to be in touch with the
original floor. BNG Construction provided the labors. 3.5 inches wood studs were used as
formwork.
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Figure 6-13 .Casting the slab. A) Pouring concrete. B) Leveling the slab
6.6.2 Formwork Steel reinforcement
Two weeks of pouring the “mud” slab, the formwork was installed. The formwork used for
this panel was 2 by 4 wood studs. These studs had 3.5 inches width which matched exactly the
thickness of the panel.

Figure 6-14. Panel formed by 2 by 4 studs.

108

The reinforcement used for this panel was the one suggested by Steinbicker & Associates
who had designed the whole panel and its reinforcements.

Figure 6-15. Design of reinforcement in panel

Figure 6-16. Steel Reinforcement elevation
One inch chair were used to support steel reinforcement at level 2. The steel reinforcement
was provided by “Gerdau Ameristeel” from Jacksonville, Florida.
The steel bars used are only straight ones:
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•
•
•
•
•
•
•

3 #4 x 0 ft- 8in
3 #4 x 1 ft- 8in
6 #4 x 3 ft -8in
4 #4 x 4 ft- 0in
8 #4 x 8 ft- 8in
8 #4 x 9 ft- 8in
8 #4 x 1ft- 6in (for inserts)

Figure 6-17. Reinforced panel
6.6.3 Lifters
The inserts used in this project were RL- 24 plate anchors provided by Meadow Burke.
This plate is designed with a plate welded to the bottom to provide high pullout strength
with a low profile. This design makes the anchor ideal for face and back lifts of thin-wall units
and stripping, handling and erection applications. The inserts were reinforced by four (4) 18 “
long #4 rebar as shown in Figure 6-18 according to the manufacturer application manual. More
than ¾” concrete cover was provided below the anchor. These plates were designed for a 2-ton
Panel.
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Figure 6-18. Inserts reinforced
6.6.4 Bond Breaker
Three (3) days prior to pouring the slab, bond breaker agent was sprayed on the slab. The
reinforcements were removed in order to spray the agent and then reinstalled afterwards.
The Bond breaker used is J-6 WD from Dayton superior. BNG Construction provided the
agent. Two coat of Sure-Lift were applied before casting the panel. The agent needed 2 hours to
dry. The specifications of the bond breaker are illustrated in Table 6-1.
The functions of the bond breaker are:
•
•
•

To enable a clean, complete separation of the panel from the casting surface.
To minimize the dynamic loading caused by suction at time of separation.
To function as a curing compound for the casting surface.
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Table 6-1. Physical and Chemical properties of the bond breaker
Physical and Chemical properties
General information
Form

Liquid

Color

Red

Odor

Slight

Change in condition
Melting point
Boiling Point
Flash point
Auto Igniting
Danger of explosion
Vapor pressure at 68⁰F
Density at 68⁰F
Miscibility with water

Undetermined
212⁰F
484⁰F
Product is not self igniting
Does not present an explosion hazard
17 mm Hg
0.992g/cm³
Not miscible or difficult to mix

Solvent content
Organic solvents

0.50%

Water

90.40%

Volatile Organic
88g/l

Compounds
6.6.5 Casting the Panel

The concrete used to cast this panel was provided by Cemex Ready Mix. The Mix used
was the Mix-1 studied in Chapter 3. Cylinder and Beam specimen were also poured in order to
validate the Maturity Method. Two maturity loggers were embedded inside the panel; one at
3.2ft from the bottom and the other at 7 ft. The location of the loggers was chosen to be where
maximum stresses were estimated to occur.
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Figure 6-19. Casting the panel

Figure 6-20. Starting-up the maturity loggers embedded inside the panel
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6.7 Strain Gages Installation
In tilt-up construction, the panel is lifted from zero to ninety degrees. This process required
the use of gages that have the capability of determining dynamic strains not static strains. Strain
gages from Vishay Micro-measurements were selected to be installed on this panel.
6.7.1 Strain Gage Reader and Recorder
Two P3 strain indicators and recorders were used in order to determine the strain at
different location of the panel during lifting. Each reader had 4-four input channels. Four gages
were connected to each Reader. Data, recorded at a rate of 1 reading per channel per second, was
stored on a removable flash card and was transferred by USB to a laptop.
The P3 Reader and Recorder specifications are:
•

Four input channels

•

Direct reading LCD display

•

On-board data storage

•

Intuitive, menu-driven operations

•

Portable, lightweight and rugged

•

Quarter, half and full bridge circuit (Quarter bridge circuit used in this study).

•

Automatic zero-balancing and calibration Basic Range: ±31,000 microstrain (±1
microstrain resolution)

•

Accuracy: ±0.1% of reading ±3 counts. (at Gage Factor = 2.11)

•

Gage Factor Settings: Range 0.500 to 9.900.

•

Operational Environment:
o Temperature 0 to + 50°C
o Humidity up to 90% RH
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Figure 6-21. P3 Reader and Recorder
6.7.2 Installation of Surface Mount Strain Gages
With a stiff-bristled brush, the area where the gages should be installed was scrubbed
(Figure 6-22 A). Then the area was cleaned with isopropyl alcohol (Figure 6-22 B). Mean while
the gages were prepared on a cleaned plastic straight surface by taping them from the top (Figure
6-22 C). Layout lines were marked in order to highlight the location of the center of the gages.
Application of a 100%-solids adhesive to the gaging area will provide a suitable gage-bonding
surface. M-Bond AE- 10 was used for this purpose. The M -Bond was also applied to the bottom
surface of the gages in order to assure a high bondage (Figure 6-22 D and E). After bonding the
gages to the concrete, silicone rubbers were put above the gage (Figure 6-22 F). Then around
5psi of pressure was applied on the top of the gages (Figure 6-23). After six hours, the tape was
removed from the top part of the gages. M-Bond AE- 10 was then applied to the top surface of
the gages in order to keep it clean and safe from the environment.
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Figure 6-22. Surface mount strain gages installation. A) Scrubbing. B) Cleaning. C) Preparing
the gages D) Epoxy the gages. E) Gages Installed. F) Rubber band between the gages
and the bricks
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Figure 6-23. Bricks laid on top of gages to assure enough pressure for bonding
6.7.3 Strain Gages Location
The gages were installed were the maximum moments were expected. Figure 6-24 shows
the layout location of the gages.
Six Gages were installed along the Y-axis and Two Gages along the x-axis. The critical
sections of this panel during lifting were the sections near the inserts and at 3.7 ft from the
bottom of the wall.
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Figure 6-24. Strain gages location
6.8 Lifting the Panel
In tilt-up construction, the panels were usually lifted between 7 to 14 days after casting. In
this study, it was intended to lift the panel at day 10. Strengths of the panel at day of tilt were
discussed in details in Chapter 7.
Before pouring the panel a steel plate was embedded at the edge of the panel. A digital
level was attached to that plate in order to determine the angle of inclination. The base of the
level was magnetic so it could stick to the steel plate.
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Both stain gage readers were synchronized. Before starting the lifting, the readers were
turned on. The time showing on the readers was video recorded for the first 30 seconds. The
video camera was turned on since then till the end of the tilting process. Then the camera was
moved to record the digital leveling from zero to ninety degrees inclination. This way it will be
very easy to recognize at what time the level reached a certain degree of inclination. Then, using
the data recorded in the readers, the strain at that time will be checked. This is how the strains
were determined at each angle of inclination. The process of lifting is illustrated from Figure 625 to Figure 6-29.

Figure 6-25. Panel set-up before lifting
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Figure 6-26. Recording the Reader Screen for 30 sec. before tilting. (In this picture, it is shown
that the reader was recording since 17 sec)

Figure 6-27. Digital reader at 60 degrees inclination
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Figure 6-28.Video recording the digital level readings

Figure 6-29. Panel lifted at 90 degrees inclination
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CHAPTER 7
STRESS ANALYSIS OF A TILT-UP PANEL DURING LIFTING
7.1 Introduction
In this study, a wall panel has been instrumented with surface mount strain gages where
actual strains were computed on site during the lifting process from zero to ninety degrees
inclination. Results extracted form the field were compared to several tilt-up design software
used by designers nowadays.
As mentioned previously, the design of the panel was performed by Steinbicker &
Associates Inc. This design was sent to four different tilt-up design companies. The panel was
generated into each of the company’s software. The purpose of the software analysis was to
determine the stresses of the panel during lifting from zero to ninety degrees. The software
results were compared to both preliminary static calculations performed in this study as well as
to real field data collection.
Figure 7-1 shows the annotations for the surface mount strain gages used during the lifting
process.

Figure 7-1. Annotations of the strain gages installed on top surface of the panel
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7.2 Critical Angle of Inclination
The four Software results showed that the maximum stresses occurred at an angle of zero
degrees. The preliminary static calculations in Chapter 6 led also to the same outcome. This is
why the preliminary static calculations were only performed at this angle. Just two of the
companies had determined the stresses at different angle of inclination. The other two only found
stresses at zero degrees inclination. One company used a finite element modeling software. All
software results are shown in Appendix D.
7.3 Field Data Collection
Table 7-1 shows the strains collected during the lifting of the panel at the Perry
Construction Yard. The strain gages were installed on the top face of the panel. A positive strain
recorded by the reader indicates that the panel is in tension at the location of the gage. A negative
strain recorded by the reader indicates that the panel is in compression at the location of the gage.
Table 7-1. Strain data collection
Angle
Strain (in/in)
Strain (in/in)
Zero degrees
A1
A4
B2
15 degrees
A1
A4
B2
30 degrees
A1
A4
B2
45 degrees
A1
A4
B2

Strain (in/in)

-0.00004
-4.1 x 10-5
-4.3 x 10-5

A3 0.000014
B4 0.000012

A2
B3
B1

0.00002
-1.6 x 10-5
0.000024

-3.7 x 10-5
-3.9 x 10-5
-4.2 x 10-5

A3 0.000011
B4 0.000008

A2
B3
B1

0.00002
-1.4 x 10-5
0.000023

-3.2 x 10-5
-3.4 x 10-5
-3.6 x 10-5

A3 0.000012
B4 0.000008

A2
B3
B1

0.000022
-9 x 10-6
0.000024

-2.8 x 10-5
-0.00003
-3.2 x 10-5

A3 0.000012
B4 0.000008

A2
B3
B1

0.000018
-0.00001
0.000022
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Table 7-1. Continued
Angle
Strain (in/in)

Strain (in/in)

Strain (in/in)

60 degrees
A1
-2.3 x 10-5
A4
-2.5 x 10-5
B2
-2.6 x 10-5

A3 0.000012
B4 0.000007

A2
B3
B1

0.000013
-1.1 x 10-5
0.000018

75 degrees
A1
-1.4 x 10-5
A4
-1.9 x 10-5
B2
-1.8 x 10-5

A3 0.00001
B4 0.000005

A2
B3
B1

0.000004
-1.2 x 10-5
0.000012

89 degrees
A1
A4
B2

A3 0.000003
B4 0.000001

A2
B3
B1

0.000001
-4 x 10-6
0.000004

-4 x 10-6
-6 x 10-6
-5 x 10-6

Table 7-11 shows that the maximum strains occurred at zero angle of inclination which
was determined by all Software and Preliminary static calculations done in this study. The strains
started to decrease when the angle of inclination was increased. The maximum strains were
recorded by gages A1, A4 and B2 which are located at 3.2 ft above the floor in the Y-Y
direction.
7.4 Comparing the Stresses
In this study analysis, the tilt-up panel is considered as simply supported beam. In concrete
stress analysis, the stress at the top surface of the panel is equal but opposite sign to the stress at
the bottom side of the panel if the panel was not reinforced as shown in Figure 7-2.
In this study, the reinforcements are located at the neutral axis of the panel. The stress at
the top surface of the panel is still estimated to be equal to the stress at the bottom surface of the
panel but opposite sign. With this assumption, a comparison between field data collection,
software results and preliminary static calculations was conducted.
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Figure 7-2. Stress distribution of the panel
7.3 From Strains to Stresses
In order to find the stresses in the panel, Equation 7-1 was applied
Sb= Ԑ/E

(7-1)

where: Sb= Bending Stress (psi)
Ԑ= Strain recorder by the P3 reader (in/in)
E= Modulus of Elasticity (psi)
7.4 Modulus of Elasticity
The modulus of elasticity was determined according to ASTM C 469 standard. The chord
modulus of elasticity of concrete cylinders was determined when a compressive load is applied
on a concrete cylinder in longitudinal direction. Figure 7-3 shows the equipment used to perform
the test. A linear variable differential transformer (LVDT) was used to measure the deformation
of the concrete cylinder during the compression test.
The modulus of elasticity was determined according to Equation 7-2:
E= (S2 -S1)/(Ԑ2 -Ԑ 1)

(7-2)

where E= chord modulus of elasticity, psi
S2= stress corresponding to 40% of ultimate load, psi
S1= stress corresponding to a longitudinal strainԐ 1
Ԑ2= longitudinal strain produced by stress S2
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At the day of tilting, the compressive strength of the cylinders was determined to be
5,100psi according to ASTM C39 standard. The 40% of ultimate compressive strength of
concrete specimen at day of lifting was S2 = 5100 x 0.4= 2,040 psi.
Ԑ1 was taken to be 5.625 x 10-5 . The stress S2 that corresponded toԐ 1 was determined to be 200
psi.
The modulus of elasticity was determined according to Equation 7-2:
E= (2,040 psi – 200 psi)/ (5.25 x 10-4 - 5.625 x 10-5)
E= 3.84 x 106 psi
The modulus of elasticity of concrete at day of tilting was determined to be 3.84 x 106 psi.

Figure 7-3. Test set up for determining the modulus of elasticity
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7.5 Stresses Comparison
In order to understand the location of the stresses, point “A” in Figure 7-1 is considered the
center of the X-Y axis. X (A) = 0 ft; Y (A) = 0 ft.
In the following analysis, the tresses were followed by the letter “B” implementing stresses
occurring at the bottom surface of the panel and by the letter “T” top surface of the panel. All the
field data results are collected from the top surface; this is why they are all followed by “T”.
Table 7-2. Stresses at Zero Degrees Inclination in the Y-Y Direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Stress
(psi)

x (ft)

y (ft)

Static Calculations (Suction Free)

115B

X

3.17

115B

X

3.17

115B

X

3.17

Static Calculations (With Suction)

172B

X

3.17

172B

X

3.17

172B

X

3.17

Software 1

115B

X

3.17

115B

X

3.17

115B

X

3.17

Software 2

112B

X

3.1

112B

X

3.1

112B

X

3.1

Software 3

111B

X

3.17

111B

X

3.17

111B

X

3.17

Software 4

170B

1.78

3.17

X

X

X

180B

9

3.17

Field results

154T

1

3.17

157T

3

3.17

165T

9

3.17

Static Calculations (Suction Free)

43T

X

7

43T

X

7

Static Calculations (With Suction)

64T

X

7

64T

X

7

Software 1

42T

X

7

42T

X

7

Software 2

45T

X

6.96

45T

X

6.96

Software 3

45T

X

7

45T

X

7

Software 4
Field results

150T
54T

1.78
3

7
7

160T
46T

7.78
9

7
7

From Table 7-2, the stresses at zero degrees inclination are shown. At 3.17 ft, software 1,2
and 3 and preliminary static calculations without a suction factor obtained similar stresses (112
psi - 115 psi) . It seems that Softwares 1, 2 and 3 were not taking into consideration any suction
factor. On the other hand, Software 4 had high stresses (170 psi – 180 psi) at this elevation. The
preliminary static calculation with a 1.5 suction factor got a stress of 172 psi at 3.17 ft. The data
collected show a stress variation between 154 psi and 165 psi. Not to forget that the stresses
obtained from the software at this elevation are the one applied on the bottom surface of the
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Panel. The strains recorded by the reader are for the top surface of the panel. It is shown that
Softwares 1, 2 and 3 were underestimating the stresses in the panel at 3.17 ft. Software 4 was to
close. The preliminary static calculations with a suction factor were also close in predicting the
stresses at 3.17 ft. As it is shown, Softwares 1, 2, 3 and the preliminary static calculations
assumed that the stresses across the panel at 3.17ft were the same. The field data collected
showed that they are close but not the same.
Moving to analyze the stresses in the Y-Y direction at or near the inserts, it is observed that
“Software 4” overestimated the stresses at the inserts. But not to forget that the strain gages were
not measuring the stresses exactly at the inserts. The gages were shifted a foot to the right. This
is why the stresses at the gages should be less than the stresses determined at the inserts.
Softwares 1, 2, 3 and preliminary static calculations without suction factor underestimated the
stresses at the left inserts. Using a suction factor of 1.5 shows a stress of 64 psi at the insert
compared to 54 psi a foot to the right. Moving to the right insert stress analysis, Software 2 and 3
estimated a very close value of stresses at the one recorded (46 psi). Software 4 overestimated
the stress.
Table 7-3 shows the stresses in the x-x direction near the inserts. The strain gages were
located 6 inches below the inserts. The expected recorded value of the reader should be less than
the stresses at the location of the inserts.
Table 7-3. Stresses at zero degrees inclination in the X-X direction
Stress
Static Calculations (Suction Free)
Static Calculations (With Suction)
Software 1
Software 2
Software 3
Software 4
Field results

(psi)

x (ft)

y
(ft)

50T
74T
49T
X
49T
160T
77T

1.78
1.78
1.78
X
1.78
1.78
1.78

7
7
7
X
7
7
6.5
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Stress
Stress (psi)

x (ft)

y (ft)

(psi)

x (ft)

y
(ft)

59B
84B
53B
X
46B
X
61T

4.5
4.5
4.5
X
4.41
X
4.78

7
7
7
X
7
X
6.5

77T
115T
76T
X
71T
180T
92T

7.78
7.78
7.78
X
7.78
7.78
7.78

7
7
7
X
7
7
6.5

Table 7-3 shows that Software 4 overestimated the stresses by 100%. Software 1, 2 and 3
underestimated the stresses. Preliminary static results with suction factor of 1.5 were the closest.
The stresses at the left insert were underestimated by all. For the stresses at the right insert, the
preliminary static calculation obtained reasonable stresses (115 psi) which are and should be
little higher then the recorded ones (92 psi).
Only Softwares 1 and 2 provided the stresses at different angle of inclination. Those
stresses were compared to each other and to the field measurements. Tables 7-4 through 7-12
illustrate the stresses occurring at different locations from 15 to 80 degrees angle of inclination.
Table 7-4. Stresses at fifteen (15) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Stress
(psi)

x (ft)

y (ft)

Software 1

111B

X

3.17

111B

X

3.17

111B

X

3.17

Field results

142T

1

3.17

150T

3

3.17

161T

9

3.17

Software 1

41T

X

7

41T

X

7

Field results

42T

3

7

31T

9

7

Table 7-5. Stresses at thirty (30) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Stress
(psi)

x (ft)

y (ft)

Software 1

100B

X

3.17

100B

X

3.17

100B

X

3.17

Software 2

100B

X

2.76

100B

X

2.76

100B

X

2.76

Field results

123T

1

3.17

131T

3

3.17

138T

9

3.17

Software 1

36T

X

7

36T

X

7

Software 2

52T

X

6.96

52T

X

6.96

Field results

46T

3

7

31T

9

7

Table 7-6. Stresses at forty (40) degrees inclination in the Y-Y direction
Stress
(psi)
x (ft)
y ft)
Software 1
88B
X
3.17
Software 2
91B
X
2.48
Software 1
Software 2

33T
57T

X
X
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7
6.96

Table 7-7. Stresses at forty five (45) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Field results

108T

1

3.17

115T

3

3.17

Field results

46T

3

7

30T

9

7

Stress
(psi)

x (ft)

123T

9

y (ft)
3.17

Table 7-8. Stresses at fifty (50) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Software 1

74B

X

3.17

Software 2

79B

X

2.10

Software 1

27T

X

7

Software 2

63T

X

6.96

Table 7-9. Stresses at sixty (60) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Stress
(psi)

x (ft)

y (ft)

Software 1

57B

X

3.17

57B

X

3.17

57B

X

3.17

Software 2

65B

X

1.6

65B

X

1.6

65B

X

1.6

Field results

88T

1

3.17

96T

3

3.17

100T

9

3.17

Software 1

21T

X

7

21T

X

7

Software 2

71T

X

6.96

71T

X

6.96

Field results

46T

3

7

27T

9

7

Table 7-10. Stresses at seventy (70) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Software 2

49B

X

1.0

Software 2

79T

X

6.96

Table 7-11. Stresses at seventy five (75) degrees inclination in the Y-Y direction
Stress
(psi)

x (ft)

y ft)

Stress
(psi)

x (ft)

y (ft)

Stress
(psi)

x (ft)

y (ft)

Software 1

29B

X

3.17

29B

X

3.17

29B

X

3.17

Field results

54T

1

3.17

73T

3

3.17

69T

9

3.17

Software 1

11T

X

7

11T

X

7

Field results

38T

3

7

19T

9

7
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Table 7-12. Stresses at eighty (80) degrees inclination in the Y-Y direction
Stress
(psi)
x (ft)
y ft)
Software 2
45B
X
1.0
Software 2

87T

X

6.96

It is remarkable that Softwares 1 and 2 that provided the stresses from zero to ninety
degrees were most of the time underestimating the stresses.
For instance at thirty degrees inclination, stresses obtained in the field at 3.17 ft were 20 to
40 % higher than the predicted ones from the software. At 7 ft Software 2 was overestimating
and Software 1 was underestimating near the left insert and overestimating near the right one.
A big difference was seen between Softwares 1 and 2 while determining the stresses at 7 ft
in the y-y direction.”Software 1” estimated that the stresses were decreasing from zero to ninety
degrees. “Software 2” assumed that the stresses were increasing. The data collected showed that
stresses at 7 ft were slowly decreasing while lifting.
High stresses at zero degrees were expected if suction is considered. This is why the
stresses obtained by software 1, 2 and 3 were underestimating the stresses. Software 4, which has
a finite element feature, estimated well the stresses at 3.17 ft at zero degrees inclination. Not to
forget, that the strains recorded by the gages determine the stresses at the top of the panel and the
stresses obtained from the software are the one occurring at the bottom part of the panel at 3.17ft.
On the other hand, any mislocation of the reinforcement during the construction will affect
the stresses. The top stresses will not be equal to the bottom stresses anymore and that will
influence all the results.
Concerning the stresses near the inserts, the gages were installed one foot away form the
inserts at 7 ft for the y-y direction and 6 inches below the insert for the x-x direction. The strains
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recorded by the gages at those location are not necessary the stresses at the inserts. Therefore, the
comparison of the stresses at that location is difficult.
Data collected in the field during tilting from 15 to 90 degrees, shows that the results are
20% to 40 % more than determined by Software 1 and 2 at different angle of inclination at
3.17ft. The 20 % increase is justified by the dynamic factor that is usually estimated to be 1.2
according to Australian Standards.
Another factor that might influence the data collection is the position the slings. During the
lifting, the slings were not all the time in a vertical position. This might put more pressure to the
panel and cause higher bending moment.
7.6 Summary of Results
The target of this section is to summarize the most critical case scenario at the time of
lifting where the maximum stresses occurred. The designer is usually interested in the worst case
scenario in order to design a tilt-up panel. The maximum stresses occurred at zero degrees
inclination in the Y-Y direction. This is why this summary is performed at this angle of
inclination.
Figure 7-4 shows all the different stresses obtained in this study at 3.17ft and at 7ft in the
Y-Y direction at zero degrees inclination. The average values of the stresses showed in Table 7-2
were implemented in this Figure 7-4 in order to simplify the comparison between the stresses
obtained from different sources.
From Figure 7-4, it is shown that the stresses estimated by Software 4 and the Static
calculations considering a 1.5 suction factor were very close to the experimental data at 3.17ft.
On the other hand, the other software estimations were close to the Static Calculation without
suction factor. At 7 ft, Software 4 estimated the stresses at the inserts. The data collected from
the experiment estimated the stresses a foot away from the inserts. The other software
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estimations considered constant stresses at 7 ft from edge to edge. This is why the results of
Software 4 cannot be directly compared to the data collected. The other software results
estimated the stresses to be approximately 11% less than the actual stresses determined by the
instrumented panel.

Stresses at 3.17 ft

Stresses at 7 ft

Figure 7-4. Stresses in the Y-Y direction at zero degrees inclination
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CHAPTER 8
CONCLUSION AND RECOMMANDATIONS
8.1 Conclusion
The survey illustrates the current practice of determining the strength of concrete before
lifting a tilt-up wall panel. It is required by building codes to determine the compressive and the
flexural strengths of the wall panel before lifting the tilt-up panel. Today, some of the contractors
only determine the compressive strength and use a correlation formula to predict the flexural
strength. Flexural strength testing is normally conducted by the center-point flexural strength
method instead of the third-point flexural test in order to determine the flexural strength of
concrete. Previous researchers have shown that the center-point loading test overestimates the
flexural or bending strength of the concrete by 15 to 25 percent because it includes both shear
and bending stresses.
In this study, the maturity method, a non-destructive method of determining the strength of
concrete at early age, was evaluated. The use of the maturity method was found to be an
effective tool to predict the compressive and flexural strengths of the in-place concrete at time of
lifting.
Furthermore, correlation curves and formulas were developed relating the compressive,
flexural and splitting tensile strength of concrete. These curves were generated for three different
mix-designs, incorporating plain, fly ash and slag cement, used currently in the tilt-up concrete
industry. The correlation curves showed that each mix design has its own correlation formulas.
The results showed that the use of pre-existing formulas under or over-estimated the strength of
concrete at different ages.
Moreover, a small scale tilt-up panel was instrumented with surface mounted strain gages
in order to determine the stresses of the panel during lifting. Simultaneously, the panel
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dimensions were sent to four different tilt-up design companies. The anticipated stresses were
predicted using their in-house software. Preliminary hand calculations based on statics analysis
were also performed in order to find the stresses. The data collected from the instrumented panel,
software predictions and preliminary calculations were compared. The results showed a variation
in stresses calculated by different tilt-up design companies using their software as well as some
differences to the measured stress values obtained from the instrumented panel.
8.2 Recommendations
This study targeted two major areas in tilt-up construction: finding the strength of the
concrete using the maturity method and determining the actual stresses of a tilt-up panel during
lifting. The following recommendations constitute some suggestions and recommendations for
tilt-up construction companies and for future research needs.
8.2.1 Maturity Method
8.2.1.1 For the industry
•

The use of the maturity method as specified in ASTM C 1074 is recommended for
determining the in-place compressive and flexural strength of reinforced concrete wall
panels at any time of tilt.

•

If the maturity method is not used, it is recommended to determine the compressive
strength and third-point flexural strength of cylinders and beam specimens respectively.
This is best accomplished by testing cylinders and beams cast from the same concrete
mixture used to cast the wall panels, cured in-place adjacent to the wall panels, and tested
at time of tilt.

8.2.1.2 For future studies
•

Evaluate the effect of using one or more mineral admixtures on the determination of the
datum temperature

•

Perform a similar effort using maturity loggers programmed for the Arrhenius method to
determine the in-place strength of the reinforced concrete wall panels and compare the
results to the Nurse-Saul Method.

•

Evaluate the maturity method to determine the in-place strength using the Nurse-Saul and
Arrhenius equations for structural lightweight concrete tilt-up wall panels.
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8.2.2 Panel Instrumentation
8.2.2.1 For the industry
•

It is suggested that tilt-up designers evaluate the data obtained in this study to evaluate
their proprietary in-house software for predicting concrete stresses during the tilt-up
operation.

8.2.2.2 For future studies
•

It is recommended that the lifting inserts are also instrumented with strain gauges as well
as the reinforced concrete in the area of maximum bending moments.

•

It is recommended that a full size panel is instrumented in a similar fashion as described in
this work. If the concrete wall panel thickness requires two layers of steel, it is further
recommended that the reinforcing steel be fitted with instrumented rebar strain meters,
welded into the rebar cage, to determine the actual strain in-situ of a tilt-up wall panel
during erection.
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APPENDIX A
QUESTIONNAIRE
PART 1: DEMOGRAPHIC QUESTIONS
1. What are your job functions? (Please circle all that apply)
a- Executive (CEO, Owner, VP, etc)
b- Operations Management (Project Manager, Project Engineer, etc)
c- Field Operations (Superintendent, Foreman, etc)
d- Skilled Labor (Operator, Carpenter, Steel Worker, Welder, etc)
e- Other (Please describe) ________________________________________________________
2. Length of service in current company:
a- Less than 5 years
c- 11 to 20 years
b- 5 to 10 years
d- Over 20 years
3. Overall Business Experience:
a- Less than 5 years
b- 5 to 10 years

c- 11 to 20 years
d- Over 20 years

4. Company’s annual volume:
a- Less than $50 million
b- $50 to $99 million

c- $100 to $499 million
d- $500 million & Over

5. Number of employees:
a- Less than 50
b- 50 to 99

c- 100 to 499
d- 500 to 999

6. Company’s Active Region/Location: (Please circle all that apply)
a- Northeast
c- Midwest
b- Southeast
d- Southwest

e- 1000 and over

e- West

PART 2 – TILT-UP CONSTRUCTION QUESTIONS
1. What types of concrete strength properties does your company measure before lifting a tilt-up panel?
(Please Mark an “X” in all boxes that apply)
Day of
7-day required
14-day required 28-day required
lifting
strength
strength
strength
Compressive strength
Tensile strength
Flexural (Bending)
Strength
Other, Please specify:
__________________
2.What is the normal time for lifting a panel? (Please circle all that apply)
a. Less than 5 days
b. 5 to 7 days
c. 7 to 10 days
d. 10 to 14 days
e. Other, Please specify: ________________________________________________________
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3- If interested in finding the compressive strength of the panel before lifting, your company will perform:
(Please circle all that apply)
a.
Compression test for cube specimens
b.
Compression test for cylinder specimens
c.
Maturity Method to find the compressive strength
d.
Use correlation formulas: Please specify: ______________________________________________
e.
Use the information provided by the concrete mix design provider.
f.
No need to find the compression strength
4- If interested in finding the tensile strength of a tilt-up panel before lifting, your company will perform:
(Please circle all that apply)
a.
Perform the splitting Tensile Test for cylinder specimen
b.
Use correlation formulas: Please specify: ______________________________________________
c.
Use the Maturity Method to find the tensile strength
d.
Use information provided by the concrete mix design provider.
e.
No need to find the tensile strength
5- If interested in finding the Flexural( Bending) strength of the panel before lifting, your company will
perform: (Please Circle all that apply)
a.
Perform the Third point (four point) Flexure Test for beam specimens
b.
Perform the Three point flexure test for beam specimens
c.
Perform the Maturity Method to find the flexure strength
d.
Use correlation formulas: Please specify: _______________________________________________
e.
Use the information provided by the concrete mix design provider.
f.
Other, Please specify: ______________________________________________________________
g
No need to find the Flexure strength
6- The specimens to be tested in order to find the required strength of the concrete are stored: (Please circle
all that apply)
a.
In a laboratory
b.
On site near the panels
c.
Other: __________________________________________________________________________
7- Do the specimens that are tested have the same curing conditions as the corresponding panels to be lifted?
a.
No
b.
Yes, How? _______________________________________________________________________
c.
No need for testing specimens to find the required strengths
8- Have you ever used maturity testing data for estimating concrete strength?
a.
Yes
b.
No
9- If yes to question #8, have you or your company performed or had a testing company perform maturity
testing for concrete in order to find: (Circle all that apply)
a.
Compressive Strength
b.
Tensile Strength
c.
Flexure (Bending) Strength
d.
Other, Please specify: _____________________________________________________________
e.
Never used this method
10 – If no to question #8, would your company be willing to use the results of the Maturity Testing Method in
lieu of those from compressive/flexure strength testing?
a.
Yes
b.
No, why?_______________________________________________________________________
c.
Already using the Maturity Method

138

APPENDIX B
TEMPERATURE AND MATURITY DATA RECORDED BY MATURITY LOGGERS

Figure B-1. Temperature Vs Time for the first beam sample of Mix 1

Figure B-2. Maturity Vs Time for the first beam sample of Mix 1
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Figure B-3. Temperature Vs Time for the second beam sample of Mix 1

Figure B-4. Maturity Vs Time for the second beam sample of Mix 1
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Figure B-5. Temperature Vs Time for the first cylinder sample of Mix 1

Figure B-6. Maturity Vs Time for the first cylinder sample of Mix 1
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Figure B-7. Temperature Vs Time for the second cylinder sample of Mix 1

Figure B-8. Maturity Vs Time for the second cylinder sample of Mix 1

142

Figure B-9. Temperature Vs Time for the first beam sample of Mix 2

Figure B-10. Maturity Vs Time for the first beam sample of Mix 2
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Figure B-11. Temperature Vs Time for the second beam sample of Mix 2

Figure B-12. Maturity Vs Time for the second beam sample of Mix 2
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Figure B-13. Temperature Vs Time for the second cylinder sample of Mix 2

Figure B-14. Maturity Vs Time for the second cylinder sample of Mix 2
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Figure B-15. Temperature Vs Time for the first beam sample of Mix 3

Figure B-17. Maturity Vs Time for the first beam sample of Mix 3
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Figure B-18. Temperature Vs Time for the second beam sample of Mix 3

Figure B-19. Maturity Vs Time for the second beam sample of Mix 3
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Figure B-20. Temperature Vs Time for the first cylinder sample of Mix 3

Figure B-21. Maturity Vs Time for the first cylinder sample of Mix 3
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Figure B-22. Temperature Vs Time for the first logger embedded in the UF Hough Hall Panel

Figure B-23. Maturity Vs Time for the first logger embedded in the UF Hough Hall Panel
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Figure B-24. Temperature Vs Time for the second logger embedded in the UF Hough Hall Panel

Figure B-25. Maturity Vs Time for the second logger embedded in the UF Hough Hall Panel
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Figure B-26. Temperature Vs Time for the first logger embedded in the small scale panel

Figure B-27. Maturity Vs Time for the first logger embedded in the small scale panel
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Figure B-28. Temperature Vs Time for the second logger embedded in the small scale panel

Figure B-29. Maturity Vs Time for the second logger embedded in the small scale panel

152

APPENDIX C
STRESSES AT ZERO DEGREES INCLINATION USING 1.5 SUCTION FACTOR
Floor and lifters reactions (Y-Y) Direction
The critical case is at zero degree inclination.
In order to find the distributed weight of the wall, the panel was divided into three Sections as
shown in Figure C-1.
The Unit Weight of concrete used in these calculations is 150 pcf.
W1 = Weight of section 1
W2= Weight of section 2
W3= Weight of section 3
W1 = 10ft x 3.5in x 1 ft/in x 150 pcf = 437.5 lb/ft
12
W2 = 6ft x 3.5in x 1 ft/in x 150 pcf = 262.5 lb/ft
12
W3 = 10ft x 3.5in x 1 ft/in x 150 pcf = 437.5 lb/ft
12
Updated loads after adding:
• Suction factor of 1.5
W1= 437.5 lb/ft x 1.5 x 1= 656.25 lb/ft
W2= 262.5 lb/ft x 1.5 x 1= 393.75 lb/ft
W3= 437.5 lb/ft x 1.5 x 1= 656.25 lb/ft

Figure C-1. Sections of the Panel
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The Free-body, Shear , and moment diagrams of the panel at zero degree inclination is shown in
figure C-2. Reaction at A is the floor reaction. Reaction at B is the inserts tension.

Figure C-2. Load, Shear and moment diagrams of the panel at zero degrees inclination
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Figure C-3. Moments acting on the panel in the Y-Y direction
The floor reaction at zero degrees inclination is 1,811.25 lbs (Figure C-2).
Both lifters reactions are 3346 Lbs. Each insert had a tension of 3346/2 =1673 Lbs
From the moment diagram it is shown that the maximum moment of 2,105.5 ft-lbs will occur at
3.17 ft from the floor bottom of the panel.
From Moments to strains (y-y)
At 3.27 ft from bottom
Sx= bd²= (10ft – 4 ft) x 12 (in/ft) x (3.5in)² = 147 in³
6
6
σ = M/ Sx= 2,105.5 lb-ft x 12(in/ft) = 171.88 psi
147 in³
At 7 ft from bottom

155

Sx= bd²= (10ft ) x 12 (in/ft) x (3.5in)² = 245 in³
6
6
σ = M/ Sx= 1312.5 lb-ft x 12(in/ft) = 64.29 psi
245 in³
Wide Lift Analysis ( X-X Direction)
This is performed in order to find the strain in the X-X direction across the inserts
Base reaction= 1509.4 lbs
Zero shear at y= 1509.4 lbs – (1ft x 10 ft x 3.5in x (1/12) ft/in x 150 pcf x 1.5)= 2.1667ft
6 ft x 3.5in x (1/12) ft/in x 150 pcf x 1.5
The zero shear occurred at 2.1667 ft above the opening, which means 3.1667ft from the bottom
of the panel as shown also in figure 2.
In order to find the distributed weight of the wall that will be carried by the lifters, the panel was
divided into three Sections as shown in Figure C-4.

Figure C-4. Sections to find load distribution at inserts in X-X directions
The Unit Weight of concrete used in these calculations is 150 pcf.
W1 = Weight of section 1
W2= Weight of section 2
W3= Weight of section 3
W1 = (9ft-3.1667ft) x 3.5in x 1 ft/in x 150 pcf x (1.5) = 382.81 lb/ft
12
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W2 = 4ft x 3.5in x 1 ft/in x 150 pcf x (1.5) = 262.5 lb/ft
12
W3 = (9ft-3.1667ft) x 3.5in x 1 ft/in x 150 pcf x (1.5) = 382.81 lb/ft
12
From the analysis of finding the floor reaction and lifting tensions, figure C-2 showed that it is
required to impose a reaction of 1811.25 Lbs at each insert.
Reaction at A and reaction at B should be equal (Figure C-5). These reactions represent the
tension of each lifting cable. These tensions should be equal to avoid any rotation of the panel
during tilting.

Figure C-5 .Load Diagram for the wide lift Analysis after imposing equal reactions

Figure C-6. Shear Diagram for the wide lift Analysis after imposing equal reactions

Figure C-7. Moment Diagram for the wide lift Analysis after imposing equal reactions
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As shown in the moment diagram (figure C-7), the moment diagram did not close at zero on the
right side. In order to do that, a moment shift of 17.5 ft-lbs should be added to the right insert.
The right insert would have a corrected moment of: -920.83-17.5 = -938.33ft-lbs
The moment at the left insert will remain: -607.3 ft-lbs
The central moment will remain: 687 lbs-ft
The final Moment diagram considered as shown in Figure C-8.

Figure C-8.Moment diagram along the X-X direction at the insert location
To convert moments to stresses, a 4 ft tributary width was used (Figure C-9):
σ = M/ Sx= 938 lb-ft x 12(in/ft) = 114psi for the right insert
4ft x 12(in/ft) x 3.5²/ 6
σ = M/ Sx= 607.3 lb-ft x 12(in/ft) = 74.36 psi for the left insert
4ft x 12(in/ft) x 3.5²/ 6
σ = M/ Sx= 687 lb-ft x 12(in/ft) = 84.12 psi at 4.5 ft from left edge
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4ft x 12(in/ft) x 3.5²/ 6

Figure C-9. Four feet tributary Band
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APPENDIX D
SOFTWARE RESULTS
SOFTWARE 1

160

161

162

163

Horizontal Analysis
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SOFTWARE 2

165

166

167

SOFTWARE 3

168

169

SOFTWARE 4
The results displayed below are for an angle of inclination of 0 degrees which reflects the most
critical case.
Suction Factor: 1.5
Dynamic Factor: 1.2
Load Factor: 1.0

Figure D-1 Lifting Forces
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Figure D-2. Stresses in the X-X at zero degrees inclination

Figure D-3 .Stresses in the Y-Y direction at zero degrees inclination
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Figure D-4 .Moments in the X-X at zero degrees inclination

Figure D-5. Moments in the Y-Y direction at zero degrees inclination
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