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Testing is performed on deliveries of concrete to determine whether the quality of 
concrete supplied meets the requirement of the specification. Any concrete structure 
that is built in accordance with the Building Code, state transportation or other 
public agencies will require that concrete be tested, typically by a third party testing 
agency that is hired by the owner or owner’s representative. 

The sample of concrete obtained is rather small compared to the volume of 
concrete represented. Typically a 1 cubic foot sample is obtained from a truck mixer 
that may contain 10 cubic yards (about 4% of the load). Typically one sample is 
taken for every 100 or 150 cubic yards – 10 or 15 loads of concrete. So the test 
results obtained from that 1 cubic foot sample will represent the quality of that 
volume of concrete. If the results do not meet the requirements of the specification, 
this renders that this volume of concrete might be of questionable quality. Some of it 
will be placed in the structure. The cost of concrete represented by a series of tests 
performed on one sample of concrete is between $1000-2000 per load or between 
$15,000 to $30,000 for 15 loads. 

It is important that the testing agencies performing tests on concrete comply with 
the procedures applicable in the standards. Any deviation from these procedures 
will generate erroneous results that might penalize acceptable concrete. This 
evaluation will incur significant costs to several entities and will delay the completion 
of the project – this causes revenue loss to the owner of the structure. 
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There are consistent details on how sampling and testing needs to be performed. These 
are addressed in the building code, reference and project specifications, specification for 
ready mixed concrete and in the contract with the testing agency.

Sampling is the first important step. The sample obtained must be representative of the 
load. This is assured when the procedure of obtaining a sample is in accordance with 
ASTM C172 – middle portion of the load with two or more portions of the discharged 
concrete mixed together to create a composite sample. ASTM C172 only describes 
sampling from the transportation unit. Often, project specifications will require tests to be 
performed on samples obtained at the point of placement in the structure – at the end of a 
bucket, pump, etc. Sampling at this location is not described in ASTM C172, so the 
procedure has to be clear. The problem is that the characteristics of the concrete can 
change by the procedure used to convey it from the truck discharge to the point of 
placement. The concrete supplier has no control on this process, cannot anticipate the 
types of changes that might occur and thereby cannot be responsible for tests results at the 
point of placement. These issues should be discussed at a pre-construction conference. 
More information about this can be found at 
http://www.nrmca.org/research_engineering/RMC_Specs_Guide.htm.

Typically several fresh concrete tests are performed as listed on the slide. Most of these 
tests have specification criteria that should be met, with stated or industry-established 
tolerances. 

Additionally specimens for tests on hardened concrete are also prepared, typically strength 
tests. There are detailed requirements on making and curing these specimens up to the 
point they are tested. 
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Specimens for strength testing are prepared and cured in accordance with ASTM
C31. There are two distinct curing procedures described in ASTM C31 – standard
curing and field curing. These different curing methods are used depending on the
purpose of the test results. These reasons are shown on the screen as summarized
from C31.

Specimens for strength tests to determine the quality of concrete supplied to a
project should follow the standard curing procedure. This is clear in the industry
standards. There is a misconception, even by practicing engineers that the purpose
of the tests are to determine the strength of concrete in the structure and thereby
specimens should be field-cured. This is incorrect.
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To reiterate, acceptance of concrete is based on samples of concrete obtained in
accordance with ASTM C 172, test specimens prepared and cured in accordance
with ASTM C 31, and tested in accordance with ASTM C 39. The test age for
cylinder strengths is 28 days or as required by the job specification. Once the mix is
approved and the job has started, the tests of laboratory-cured specimens made
from the job concrete must satisfy both of the following requirements before the
concrete is considered acceptable:

1. The average of all sets of three consecutive strength tests equal or exceed the
specified strength (ƒ´c).

2. No single strength test (average of 2 cylinders) falls below the specified
strength (ƒ´c) by more than 500 psi [3.5 MPa] or 10% of ƒ´c when the specified
strength exceeds 5000 psi (35 MPa).

These acceptance criteria are established at a confidence level of 99% - meaning
there is a 1% probability that strength test results can fail these criteria.
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If either of the criteria are not met, the code indicates that steps should be taken to 
increase the level of subsequent test results. The commentary recommends these 
measures:

•Increase the cementitious materials content

•Change the mixture proportions

•Reduce or have better control on the slump level supplied

•Shorten the delivery time

•Closer attention to the air content

•Evaluate the quality of testing to ensure that the standards are being complied with.

If the single test is more than 500 psi less than the specified strength (2nd criteria), 
the code also requires that an investigation of low strength test results be followed. 
The low strength result should be a cause for concern on whether the structural 
capacity of the region represented by the low strength is adequate. This is a public 
safety issue.



ACI 318 has a specific purpose for using strength test results from field-cured 
cylinders – for evaluating the protection and curing afforded to the structure. There 
are criteria for strength tests from field cured cylinders as indicated on the slide. 

These tests are also used for other purposes to estimate the strength of concrete in 
the structure. 
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These are excerpts from ACI 318 and ACI 301 regarding requirements for testing agencies
and technicians.

ASTM Standard Practice C1077 identifies and defines duties, responsibilities and
minimum technical requirements of testing laboratories’ personnel and minimum
technical requirements for laboratory equipment utilized in testing concrete and
concrete aggregates. The standard also provides criteria for the evaluation of
capabilities of testing laboratory to perform ASTM test methods for accreditation
purposes. This practice requires laboratories to have ACI certified or equivalent field
testing technicians as well as certified strength testing technicians. Supervisory
personnel must have at least three years of relevant experience and hold current
certification.

ACI 318 states that labs should share test data with all stakeholders. ACI 301
Section 1.6.3.1.c states that labs should share test data within 7 days of completion
of test.

ACI 301 also states that strength test reports should include information on storage
and curing of test specimens before testing.



This slide summarizes the requirements for testing agencies. 

Conform to ASTM C1077 – the labs may need to be accredited – which requires 
inspection and documentation of corrective action of deficiencies resulting from the 
inspection. 

Technicians in the field and lab have to be certified. 

Tests should be performed in accordance with the standards. 

It is also important that all test reports be distributed to all parties that are impacted 
in a timely manner. Only if the producer is provided with all test results can he take 
action to avoid failing test results. 
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A laboratory testing concrete in accordance with ASTM C1077 must maintain a
written Quality System. This internal quality assurance system requires laboratories
to maintain and calibrate equipment on a regularly scheduled basis. The lab must
have a system in place to address technical complaints. The laboratory must
participate in a proficiency testing program such as CCRL Concrete Proficiency
Sample Program or the AMRL Aggregate Proficiency Sample Program.



This comprehensive paper by Richardson quantifies various factors that will 
negatively impact the strength test results of concrete specimens – both for 
procedures in the laboratory and the field. All these factors are cumulative. This 
paper is available from the NRMCA.
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This is a summary of observations from Luke Snell on more common violations on 
specimen preparation and care at the jobsite – and the impact on strength 
reduction. Initial curing can amount to up to 30% reduction in strength  by his 
assessment.
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These are some images on jobsite issues – using a rebar, improper consolidation, 
improper filling the cylinder, not finishing the surface properly and improper initial 
curing at the jobsite. 
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ACI 318-14 clearly states that for acceptance of concrete supplied by the concrete 
producer, cylinders shall be standard cured in accordance with C31
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This slide summarizes the details regarding standard curing of test 
specimens as stated in C31. 

An important factor is the proper maintenance of moisture and temperature 
during the first 24-48 hours in the field. This tends to be the biggest 
observed violation that impacts strength test results used for acceptance of 
concrete. 



In Note 8, ASTM C31 provides some guidance on methods that can be used to 
maintain the moisture and temperature environment for the initial curing of test 
specimens

These are suggestions for maintaining a satisfactory moisture environment. 
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These are suggestions for maintaining a satisfactory temperature environment

It is suggested that the best way to maintain both temperature and moisture 
environment is to immerse the cylinders in water for the initial curing period. Studies 
have shown that this achieves the highest strength of concrete compared to other 
curing methods. 
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Some examples of unacceptable initial curing procedures in the field
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The Colorado Ready Mixed Concrete Association initiated a program whereby 
individuals would observe various details on compliance with testing procedures at 
project sites. This summary for August and through August indicate that only about 
one-third of the time was initial curing of test specimens done correctly.
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Some of the means used for initial curing of jobsites – from 5-gallon buckets, larger 
water containers, wooden curing boxes, coolers, and temperature-controlled curing 
boxes. The temperature should be monitored in enclosed spaces. Temperatures 
can get very high in wooden curing boxes and coolers. Water immersion is the 
preferred method
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Some use sand. The test cylinders are placed in a bucket, the bucket is filled with 
sand. The sand is soaked with water and the bucket is kept in a location away from 
sunlight and potential disturbance. 
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Some examples of immersion in water and use of a cooler. Ice can be used to 
control temperature in hot weather – more easier to do this when cylinders are 
immersed in water.
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Some testing agencies use these temperature controlled coolers. These cost more 
but provide the required temperature and moisture control. One concern is the 
potential for theft and vandalism as these systems can be expensive.
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This is an NRMCA study of exposure of test specimens to higher 
temperature in hot weather. The red line is a plot of the variation of 
ambient temperature during this period – the temperature scale is on the 
right. It is not a very hot period as might be observed in many southern 
states in summer. 

The solid line represents strength gain of cylinders that were standard cured 
in accordance with ASTM C31 – these cylinders were immersed in water. 
The dash line are for cylinders that were kept out exposed to the ambient 
temperatures for 48 hours followed by moist curing. The dash-dot line are 
for cylinders that were kept outside for the duration until tested. 

As can be seen, at 28 days there is a reduced strength of about 1000 psi or 
25% compared to the properly cured cylinders. 



26

This is another NRMCA study of exposure of test specimens in cold weather. 
The blue line is a plot of the variation of ambient temperature during this 
period – the temperature scale is on the right. Temperatures were below 
freezing during the initial period when the cylinders were cured in the 
field.  

The solid line represents strength gain of cylinders that were standard cured 
in accordance with ASTM C31. The dash line are for cylinders that were 
kept out exposed to the ambient temperatures for 48 hours followed by 
moist curing. The dash-dot line are for cylinders that were kept outside 
for the duration until tested. 

The strength loss for cylinders exposed to freezing temperatures during the 
initial curing period is between 25 and 40%.



This is a portion of a larger NRMCA study conducted in the 1950s. The data shown 
are for a concrete mixture proportioned with ordinary portland cement at 517 lb/yd3

(307 kg/m3), w/c of 0.57, and a 3 to 4 in. (75 to 100 mm) slump. 

The comparison is based on cylinders that were moist cured soon after casting 
(representing the 100% strength of 5590 psi)

6x12 in. Specimens were molded at 73°F, subjected to initial curing conditions in air 
at temp and RH, age as stated, and transferred to standard moist room at 73°F for 
curing until test age of 28 days.

Specimens initially cured in air for 1 day at 37, 73, and 100°F achieved 100, 92, and 
88%, respectively, of the strength of specimens that were moist cured at 73°F from 
the time of molding until testing (5590 psi or 38.5 MPa). Specimens initially cured in 
air for 3 days at 37, 73, and 100°F achieved 93, 89, and 78% of the strength of 
specimens that were moist cured at 73°F from the time of molding until testing, 
respectively. 

While there was no apparent strength reduction associated with initial curing in air at 
37°F (3°C) Bloem5 noted that low initial curing temperatures in the field could be 
accompanied by a lower RH than was present in the reported study, which could be 
expected to reduce the 28-day strength.
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Study done by the NM ready mixed association in 1995

In this case the importance of ensuring that the cylinders are kept moist during the 
initial curing period is also illustrated. 

Concrete was mixed in a truck and had a slump of 3-3/4 in. (95 mm), air content of 
5.8%, and fresh concrete temperature of 86°F (30°C). 

Cylindrical specimens (6 by 12 in.) were molded and stored initially for 24 h under 
five different conditions as shown in Table 3. Specimens were covered with plastic 
lids. 

At the end of the initial curing period, specimens were transferred to a standard 
moist room at 73°F until the test age of 28 days. 

Cylinders that were kept in air in a lab environment but not immersed in water had a 
12% lower strength.

specimens immersed in water inside a thermostatically controlled curing box on site 
attained strengths comparable to control specimens immersed in water in the 
laboratory (see Fig. 3). 

They also show that specimens exposed to ambient conditions without temperature 
control exhibited strength reductions of 15 and 17% relative to control specimens. 

Montoya7 questioned whether any initial curing method that does not involve 
immersion in water would be acceptable in all RH conditions. 
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This is an NRMCA study published by Rick Meininger in 1983. It illustrates the difference in strengths 
even when cylinders are maintained within the temperature and moisture conditions applicable to 
ASTM C31. 

The concrete mixture was proportioned with ordinary portland cement from two different sources 
(cement A and B) at 580 lb/yd3 (344 kg/m3), w/c of 0.51, and a 3 to 5 in. (75 to 125 mm) slump. 

Cylindrical specimens (6 by 12 in.) were molded at room temperature (70 to 72°F [21 to 22°C]) and 
initially cured as shown for 22 hours. 

The specimens stored in air were placed in plastic bags and sealed with rubber bands, while the 
water-immersed specimens were not covered. 

At the end of the initial curing period, specimens were transferred to a standard moist room at 73°F 
until the test age of 28 days. B

Both 60°F and 80°F initial curing for 22 hours in air resulted in 3 to 8% (avg. 6.6%) lower strengths 
compared with initial curing under water. 

Initial curing at 80°F resulted in 7 to 11% (avg. 9.2%) lower strengths compared with initial curing at 
60°F as long as the moisture conditions were not varied. 

Initial curing at 80°F in air resulted in 12 to 19% (avg. 16%) lower strength compared with initial 
curing at 60°F in water. 

The specimens cured initially under water had a lower temperature rise compared with the 
specimens stored initially in air. This was also observed in the 1954 study. For specimens initially 
stored in air, the temperature increase for specimens made with cement A was greater than for 
specimens made with cement B. This explains the greater strength reductions in the specimens 
made with cement A. Meininger6 also found that specimens with 2 days of initial curing exhibited 
strength reductions that were nearly the same as specimens with 1 day of initial curing.

These studies show that both temperature limits and  ensuring that cylinders are immersed in water 
matter to the strength.
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These are the reporting requirements in ASTM C31. 

The reporting section of ASTM C31 states that for standard curing, the initial curing 
method with maximum and minimum temperatures should be reported to the entity 
testing the cylinders. However, this is seldom, if ever, seen on a strength test report 
(which complies with the reporting requirements of ASTM C39). 

Most reports will have some statement that the making and curing of specimens 
complied with ASTM C31 with no detail. 
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These are typical statements regarding conformance with ASTM C31 extracted from 
different strength test reports. There is no information about the max and min 
temperatures during the initial curing in the field
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So the question often arises is who is reponsible for various factors associated with 
care of test specimens. 

ACI 301 clearly states the contractor responsibility  is to provide space and power 
for the initial curing of test specimens and this makes sense because the contractor 
has responsibility over the construction site. 
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In ACI 301, several responsibilities of the testing agency are addressed. It indicates 
that several fresh concrete tests should be performed when strength test specimens 
are made. This is useful background information. It also indicates that density of 
fresh concrete should be measured. This is also stated in ASTM C94. Density is a 
useful test that can provide additional information to evaluate low strength test 
results – such as excessive air or water in the concrete. 

ACI 301 also indicates that it is responsibility of the testing agency to test cylinders 
in accordance with C31. This means that they are responsible to ensure specimens 
are maintained within the temperature and moisture requirements of standard curing 
during the initial curing period in C31. Some concrete producers, testing agencies, 
and contractors partner to build a curing shed or box. Improper testing can lead to 
low break investigations, and coring that can cause delays and increase project 
costs. This is not in the best interests of any of the stakeholders including the 
owners.
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ACI 311 is a specification for testing services. It says similar things like in ACI 301 
and 318. But it seems to suggest that the owner has to provide the facilities for 
curing of test specimens and the agency will only verify that requirements of C31 
were met. This differs from ACI 301. 

The report section of this specification does state that the max/min temps during 
the initial curing period should be reported. 

This specification also indicates that the distribution of reports should to all 
stakeholders.
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ACI 318-14, Provision 26.12.3.1; 301-16, Provision 1.6.3.2(e)13; and 311.6-09, Provision 2.5.114, all require that specimens for 
acceptance testing be standard-cured in accordance with ASTM C31/C31M. 

The reporting section of ASTM C31/C31M requires the agency making the specimens to report the maximum and minimum 
temperatures of the surrounding environment and the curing method used during initial curing. ACI 301, Provision 1.6.3.1(c), 
requires that the concrete strength test report includes information on storage and curing of specimens before testing, while
ACI 311.6, Provision 3.3.12, requires the Testing Agency to report the maximum and minimum temperatures of the curing 
environment during the initial curing period to all the parties listed in the test report distribution list. 

ACI 301, Provision 1.6.2.2(d), states that the Contractor is to: “Provide space and source of electrical power on project site for 
testing facilities acceptable to Owner’s testing agency. This is for the sole use of Owner’s quality assurance testing agency for 
initial curing of concrete strength test specimens as required by ASTM C31/C31M.” This implies that the Owner's testing 
agency will be responsible for initial curing. ACI 301, Provision 1.6.2.2(b), also states that it is the Contractor’s responsibility to 
allow the Owner's testing agency access to the project site for obtaining samples to make test specimens. ACI 301 defines the
Contractor as “the person, firm, or entity under contract for construction of the Work.”

ACI 311.6, Section 2.5.1, states that the Testing Agency is responsible for verifying that the cylinders are maintained in 
accordance with ASTM C31/C31M. ACI 318, ACI 301, and ACI 311.6 require that field technicians, who prepare test 
specimens, must have an ACI Field testing Technician Grade I certification or acceptable equivalent. Thus, it is clear that the 
agency making test specimens is responsible for verifying conformance to the initial curing requirements. 

The controversial topic is: “Who is responsible for supplying the curing facility on site?” ACI 301, Provision 1.6.3.2(e), under the 
duties and responsibilities of the Owner’s testing agency, states: “Owner’s testing agency will make and standard cure the 
specimens in accordance with ASTM C31/C31M…” Note that this statement is provided as information to the Contractor 
because ACI 301 is written to the Contractor and not the Testing Agency. This explains why the word "will" is used rather than 
"shall". Nevertheless, this provision implies that the testing agency is responsible for the initial curing and is also responsible for 
providing equipment needed to comply with the temperature requirements in ASTM C31/C31M. ACI 311.6, Section 2.5.1, which 
is written to the Testing Agency, states: “Owner or Owner’s representative will provide and maintain adequate facilities on the 
project site for initial storage and curing of the concrete specimens, unless otherwise specified.” Unfortunately, there is 
ambiguity in this provision because the specification does not define the "Owner's representative." Some have interpreted the
Owner’s representative to be the Architect/Engineer, while others have interpreted it to include the Testing Agency. According 
to the International Building Code (IBC)15, the Owner is responsible for hiring the Testing Agency that conducts acceptance 
testing. In many jurisdictions, it is considered a conflict of interest for the Contractor to hire the Testing Agency that conducts 
acceptance testing.



The CI article concluded that
ACI 311.6, ACI 132R, AIA MasterSpec and project specifications should state explicitly that 
the Testing Agency is responsible for providing the on-site curing facility (container) and 
verifying that test specimens are maintained in accordance with ASTM C31/C31M at the 
jobsite. 
Discussion: ACI 311.6 states that the Testing Agency is responsible for verifying that the 
specimens are stored under conditions in accordance with ASTM C31/C31M. ACI 318, ACI 
301, and ACI 311.6 require that field technicians be certified. Among the project 
stakeholders, the Testing Agency is expected to have the most knowledge of the 
requirements for preparing and curing test specimens. This requirement will ensure an 
unambiguous chain of custody of standard-cured test specimens. This requirement should 
not preclude the Testing Agency from procuring the facility from the Contractor, but the 
Testing Agency is responsible for ensuring that test specimens are stored at temperatures 
conforming to ASTM C31/C31M. 

ACI 301 and 311.6 require that the concrete test report includes information about the initial 
curing period, such as maximum and minimum temperatures of the medium surrounding 
the specimens. Specifiers should insist on receiving documentation of initial curing 
conditions. Producers can also request permission to place continuous temperature 
monitoring devices within the initial curing facility for independent measurements. 

The AIA MasterSpec and project specifications should state explicitly that the Contractor is 
responsible for providing secured space, electrical power, and access for initial curing of 
test specimens. 
Discussion: ACI 301 requires the Contractor to provide space and electrical power for initial 
curing by the Owner’s Testing Agency.
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Testing agency shall be responsible for providing curing container for composite samples on Site and 
verifying that field-cured composite samples are cured in accordance with ASTM C31//C31M.
Testing agency shall immediately report to Architect, Contractor and concrete manufacturer any 
failure of Work to comply with Contract Documents.
Testing agency shall report results of tests and inspections, in writing, to Owner, Architect, Contractor 
and concrete manufacturer within 48 hours of inspections and tests. Test reports shall include 
reporting requirements of ASTM C31/C31M, ASTM C39 and ACI 301, including the following as 
applicable to each test and inspection:

Information on storage and curing of samples before testing, including curing method and 
maximum and minimum temperatures during initial curing period.

Personnel performing laboratory tests shall be an ACI-certified Concrete Strength Testing Technician 
and Concrete Laboratory Testing Technician, Grade I. Testing agency laboratory supervisor shall be 
an ACI-certified Concrete Laboratory Testing Technician, Grade II.
Field Quality Control Testing Agency Qualifications: An independent agency qualified in accordance 
with ASTM C1077 and ASTM E329 for testing indicated. 
Personnel conducting field tests shall be qualified as an ACI Concrete Field Testing Technician, 
Grade I, in accordance with ACI CPP 610.1 or an equivalent certification program.
Instructions to Contractor: Provide reasonable auxiliary services to accommodate field testing and 
inspections, acceptable to testing agency, including the following:

Daily access to the Work
Incidental labor and facilities necessary to facilitate tests and inspections
Secure space for storage, initial curing, and field curing of test samples, including source of 
water and continuous electrical power at project site during site curing period for test 
samples
Security and protection for test samples and for testing and inspection equipment at Project 
site 

Pre-installation conference now requires the review of the initial curing and field curing of field test 
cylinders (ASTM C31/C31M)
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In some projects, the concrete producer has obtained permission to place 
continuous temperature monitoring devices within the on-site initial-curing facility. 
These temperature monitoring devices are low cost, can be reused, and allow 
wireless data transfer to a cell phone, tablet, or computer. Producers have reported 
acceptable initial curing practices on those projects. 
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Attention to details is extremely important when reviewing a test report of
compression test results. A concrete producer should maintain a record of test
results in the sequence of the date made and record all the pertinent information
relative to these results.

Ensure that all reports have a date of pour.  Often, test cylinder information is 
misleading due to improper reporting of the date. 

Ambient temperatures are of great importance especially when curing is non-
standard. 

Make sure proper test dates are reported. 

All cylinder tests should have slump, air & temperature data. 

The time the cylinders were removed from the job and transported to the lab is 
needed to confirm initial curing duration.

Each concrete mixture has a unique rate of strength gain between 7 and 28 days. It 
is not a constant percentage. The producer can check that this strength gain 
reported by the testing lab is consistent with what they know about that concrete 
mixture. 



This is an example of a test report that shows some issues. The specified strength 
is 5000 psi at 28 days.

It is a hot day – the ambient temperature is 89F, the concrete temperature is 92 F. 
So conditions are not too good for the initial curing. 

The cylinders were cast on Sept 12 and received at the lab on the 16 – a difference 
of 3 to 4 days that does not conform to ASTM C31. 

The sample was obtained from a 2 yd load. This should be avoided. Test samples 
should be obtained from larger load sizes – close to mixer capacity.

The lab indicates that it has complied with ASTM C31. But there is no record of max 
and min temps nor curing method during the initial curing at the jobsite. 

The lab flagged this report because the one cylinder tested at 7-days was low. 1 
cylinder is not a test result. There is no 7 day requirement; the rate of strength gain 
is unknown, so there is no basis to flag this. 
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Upon completion of initial curing, cylinders should be transported to the laboratory 
for final curing within 48 hours after they were cast but at least 8 hours after final 
set. Specimens are generally only 24 hours old at this point and are very 
susceptible to damage if mishandled. 

Specimens should be moved carefully and should be kept in their molds until they 
reach the laboratory. 

Always ensure that caps or plastic bags remain on the specimens during 
transportation to ensure that there is no loss of moisture from the specimens. 



This Technology in Practice sheet (TIP 16) discusses various details that can be 
useful when troubleshooting or evaluating strength test results. It discusses these 
topics and provides numerical examples. 

Some of the details on evaluation of strength test results that is covered in this TIP 
are summarized in the next few slides. 
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ACI 214R describes a procedure to evaluate variability associated with testing by 
calculating the within-batch variability. This is sometimes referred to as the within-
test or single operator variability.

Variability due to testing is estimated by the within-batch coefficient of variation (V1) 
calculated based on the average range (difference between maximum and 
minimum) in strengths of companion (replicate) cylinders comprising a strength test 
result which are cast from the same composite sample of concrete tested at the 
same age using Equation 1.  Since the cylinders are made from the same concrete 
sample the material and manufacturing variability are assumed to be negligible and 
the strength difference between the cylinders is assumed as due to testing 
variability.  

Average range should be calculated from at least 10 strength test results. The factor 
d2 is used to estimate the standard deviation, s1 from the average range and 
depends on the number of cylinders used

The within-batch coefficient of variation (V1), in percent, is determined from 
standard deviation, s1, estimated from the average range, and the average strength.
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This is a numerical example of calculating the component of variation associated 
with testing. This set of data uses 2 cylinders for each test result. 

V1 is calculated from range which is based on companion cylinders. Note that 10 
test results are being used

The variation from this set of data is estimated to be 3.2%.
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ACI 214R indicates quality standards for testing based on the measured within-
batch coefficient of variation V1

The associated average range range (R) of 2 companion cylinders, assuming an 
average strength level of 4800 psi (33 MPa) is included in the table. 

To compare testing variation for different strength levels use V1 as opposed to the 
average range. 

To track V1, concrete test reports need to report the strength of individual 
cylinders. The concrete producer inputs the results in a spreadsheet to calculate 
V1 based on the last 10 strength test

If V1 is between 4% and 6%, there are potential problems, and if V1 is above 6%, 
the testing should be questioned.

For reasonably good testing V1 should be in the range of 2 to 3% due to expected 
variation in the ASTM C39 compressive strength test method. 

If it is a very low value, there may be cause to question whether cylinders are being 
tested to complete failure or if both cylinders are actually being tested.
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Another method to evaluate testing is to use the Within-Test Precision of ASTM 
C39. 

the within-test precision is derived from tests of 6 by 12 in. and 4 by 8 in. cylinders 
made from a well-mixed sample of concrete under laboratory conditions and under 
field conditions.

The acceptable range between two or three cylinders in the field or the lab can be 
used. There currently is no value for 4x8 inch specimens made in the field, but it is 
similar to that for 6x12 in. cylinders or slightly higher. 

The acceptable range should not be exceeded very often – one time in 20 is a 5% 
occurrence that is considered acceptable. 
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In this set of 10 data points with 2 cylinders, the range exceeds 8% once. So this 
may not be a reason to question the quality of testing. 
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In this set of data, the Range is exceeded 3 times in 12 points (25%of the time). 
C39 precision statement says only 1 in 20 (5%) chances of this happening so 
clearly that is a violation

Also V1 calculated is high - at or higher than 6%. SO there is a concern with the 
quality of this testing. Note that last 10 test results are being used for V1 calculation. 
So, we don’t have any entry for the first 9 test results. Further, it is a moving 10 test 
V1.
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These are two types of plots monitoring the quality of testing. The figure on the left 
plots the range of the two cylinders prepared from the same concrete sample 
expressed as a percent of the average strength. For this

the control limit for acceptable range of two cylinders uses the C39 precision 
statement of 8% (appropriate for 6x12s for 4x8s since 3 cylinders are used it should 
be 11%, use 9% if only 2 4x8 cylinders are tested). The range of 8% is exceeded 
more often than 1 in 20, suggesting that cylinder fabrication and testing techniques 
need to be reviewed. 

In the right hand figure the moving 10 test within-batch coefficient of variation (V1) 
in percent is plotted relative to the ACI 214R categories for testing variation. . For 
this example also, the testing quality is poor most of the time.
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The analysis of strength data from companion cylinders to determine range or V1 
may not capture improper testing. If sampling and testing procedures are deficient -
initial and final curing, capping material, testing-machine

calibration, etc. - these would affect companion cylinders from the same sample 
equally and may not increase V1 but will still result in lower measured strengths and 
impact the standard deviation of strength test results. Job-site conditions 
(temperature, humidity) and practices vary every day; therefore, cylinders cast at 
different time periods are expected to experience different initial curing conditions if 
not subject to standard curing. However, companion cylinders cast from the same 
batch of concrete should experience identical initial  uring conditions. In summary, 
variations in initial curing conditions are unlikely to influence the range of 
compressive strength of companion cylinders prepared from a batch but will impact 
the batch-to-batch variation and therefore the overall strength variability. 
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Another thing that can be useful is to perform companion testing with the laboratory 
of record. This is sometimes done on large projects or when there have been 
problems with testing. ASTM C39 has a Multilaboratory Precision statement that 
can be useful in determining whether two sets of results performed by different 
laboratories are significantly different (statistically based). 

Ideally companion testing should be done on a split sample – the test specimens for 
each lab should be prepared from the same concrete sample. Sometimes this is not 
possible, but testing concrete from the same load is also possible. Alternatively, a 
poplulation of data tested by two labs can be compared to observe differences in 
overall average. 

The ASTM C39 multilaboratory precision says that the difference in test results 
between two labs testing the same concrete should not exceed 14% of the average 
more often than 1 time in 20. 



This is a series of test data comparing tests done by the laboratory of record and 
the concrete producer. In this case, split sample testing was not possible. The 
producer obtained samples at the plant, the testing agency at the jobsite. The loads 
tested were different. There could have been some modifications to the loads before 
concrete was discharged at the jobsite. 

However, the plot indicates a distinct difference in the averages between the two 
sets of test results. The average difference is about 1600 psi. and all the testing lab 
results are lower than those made and tested by the concrete producer. 
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The significance of testing is important to the overall quality of the project. 

The components of variation associated with strength test results can be broadly 
attributed to materials, production and testing. The components of variation are 
cumulative. Thus if the component of variation associated with testing is large, the 
variation that the producer needs to control (materials and production) through his 
quality control activities become difficult to isolate. Further, this increases the 
variation of the strength test results that is not representative of what the producer is 
doing. This inflates the standard deviation and will require a higher level of over-
design for strength that increases the materials cost to the concrete producer. 
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When there are low strength results, this results in some evaluation that will delay 
and add costs to participants on a project including the contractor and the owner. 

NRMCA Publication 133 recommends a sequence of steps that should be followed. 
The first step is to evaluate whether the low strength results can be confirmed – by 
evaluating data and practices and follow that by non-destructive tests.

The next step is to establish (by design calculations) whether the low strength 
impacts the structural capacity in that portion of the structure. Its possible that the 
specified strength level is not required. 

The ACI 318 has provisions for strength tests of cores. 

Load tests can be used to determine structural capacity etc. This is covered in ACI 
318. 

Corrective measures may be retrofitting the structure to increase its load carrying 
capacity or to remove and replace. This will generally cost much more than it cost to 
construct the structure in the first place. 

If low strength results can be attributed to the responsible party, then it is 
appropriate that the cost for the evaluation is borne by this entity. These aspects 
should be established in a pre-construction meeting. 
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When cores are tested for the purpose of investigation of low strength test results,
the cores should be obtained, preconditioned and tested according to the provisions
of ASTM C 42. The ACI 318 Building code indicates that

Concrete in an area represented by core tests shall be considered structurally
adequate if

The average of three cores is equal or greater than 85% of ´c.

No single core should test less than 75% of ´c.
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Industry standards are clear and consistent on testing concrete and acceptance 
criteria. The qualifications of inspectors and testing agencies are stated. The details 
regarding testing are clearly stated. There are ways to evaluate whether testing has 
been performed in accordance with the standards. 

It is incumbent on a testing agency to ensure that testing of concrete is reliable and 
provides assurance that the these results are appropriate to ensure compliance with 
the contract. 

The responsibility for low strength test results can be either due to the quality of the 
concrete or the quality of the testing. The responsible party for low strengths should 
be liable for associated costs for evaluation and recourse. 
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