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Session Objectives

|0 Study hardened concrete properties: mechanical, physical,
. and durability aspects

‘?’ 0 Analyze strength development: paste hydration,

R aggregates, and interface behavior

. =/ Review key factors: w/cm ratio, materials, admixtures,
' curing, and age

[l Examine testing methods and durability, including
predictive tools and evaluation techniques
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Absolute volume design principle




1% Concrete fundamentals and quality
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Fundamentals of Concrete Components

* Concrete contains cement, water, aggregates, air, admixtures
* Each component influences concrete fresh-state behavior
e Concrete properties affect hardened structural performance

* Material testing evaluates aggregate and cement properties



Importance of Standardized Testing
Procedures

* Accurate testing requires strict compliance
with standardized procedures.

* Minor procedural errors can significantly affect
test results.

* Proper specimen preparation directly
influences measured strength. Source: Backus, B. (n.d.)

* Standardization ensures reliable and
repeatable concrete performance evaluation.



Specimen Curing and Quality
Control

* Proper curing controls hydration, strength
development, and durability.

* Temperature and lime content stabilize
curing conditions.

e Standardization reduces variability
th roughOUt the teStlng process- Concrete specimens submerged in water for curing

Source: ResearchGate. (n.d.)

* Quality control improves confidence in
concrete performance.



Statistical Basis of Concrete
Mix Design
* Concrete mix design accounts for natural material variability.
* Design strength is based on standardized 28-day compressive testing.

* Controlled conditions eliminate external sources of variability.

e Statistical methods ensure reliable strength and durability.



Sources of Concrete Variability

 Standardized procedures ensure scientific
validity of test results.

* Concrete variability originates from
material and process differences.

* Water-cement ratio strongly affects
concrete behavior.

* Environmental conditions significantly
influence performance.
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Trend of compressive strength results.
Source: Author’s own elaboration.



Testing Variability and Statistical
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. . . . . CONE CONE AND SPLITTING CONE AND SHEAR SHEAR COLUMNAR
* Equipment calibration is essential for ity e ST e
hrough the caps, Ci the shear crack. axis of tl especimen.
<1 in. (25 mm) wide. Considered acceptable. Considere i
accurate measurements. |

* Testing errors can produce unreliable
strength results.
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* Trained personnel ensure proper testing
execution.

Source: Pasquel (1998)

e Statistical analysis supports reliable mix
design decisions.
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Concrete as a Heterogeneous Material

* Concrete is naturally heterogeneous and
anisotropic.

* |dentical samples are practically impossible
to obtain.

* Aggregates contribute major natural .
. °l: r microgr with mor ical information of concr
variability. O atroe: Zhang, 6. & Ly, (2038)

* Production processes add further
Inconsistencies.



Main Factors Affecting Variability

* Water-cement ratio changes strongly affect
strength.

* Aggregate moisture and grading influence
consistency.

* Transportation and placement alter

Moist aggregate

concrete behavior. Source: Suryakanta. (2015)

* Temperature and humidity affect setting
and durability.



Statistical Foundation of Mix Design

* Mix design requires extensive testing and iteration.
e Statistical analysis reduces uncertainty in decisions.
* Standard deviation measures process variability.

* Larger databases improve reliability.



Normal Distribution of Strength Results

* Strength results typically follow a normal
distribution.

* Most values fall within one standard
deviation.

* Larger datasets reduce overall variability.

* Historical databases improve mix
precision.
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Building a Reliable Database

* Repeated testing builds a strong statistical
foundation. S | ﬁm[\ﬁ -
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* More data reduces standard deviation. il ™ AR

* Reliable databases improve
d eC|S | on-md kl ng dCCuUrd CY- Trend of compressive strength results.

Source: Author’s own elaboration.

* Consistent data collection supports mix
optimization.
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Water-Cement Ratio and Strength
Relationship

* Lower water-cement ratios generally
increase compressive strength.

* Ratios below 0.42 often require
admixtures.

Resistencia en compresion f'c en kg/cm2
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* Admixtures improve workability without | e Ao e
extra water. Source: Pasquel (1998)

* This parameter is fundamental in mix
design.



Design Strength and Acceptance Criteria

* Design strength defines mix design LOAD
SuCCess. v

COMPRESSION

* Compressive strength is the primary

acce pt ance criterion. TS e
<——TENSION ——>

* Concrete results naturally show statistical
dispersion.

Source: Civil Engineering Forum. (2017)

* All results should exceed specified
strength.



Required Average Strength Concept

. Required average strength compensates for variability.
. Itincludes a statistical safety margin.

. Ensures compliance with specified design strength.

. Balances economy, safety, and quality.
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Contextual Factors in Mix Design

* Structural element type influences mix
requirements.

* Columns and slabs require different
properties.

* Workability depends on project " Source: Nucrs, (n.d)
conditions.

* Aggregate size affects performance.



Environmental Effects on Concrete

* Extreme temperatures affect setting and
curing.

* Freeze-thaw cycles damage internal
concrete structure.

* Aggressive environments require enhanced
durability.

Source: Kali Concrete. (n.d.)

* Durability often governs design more than
strength.



Required Average Strength Equation |

* Standard deviation helps calculate required average strength.
* Equation adds safety above design strength.
* Compensates for natural process variability.

* Supports statistical acceptance criteria.

f'er =f'c+1.34s



Required Average Strength Equation Il

* No test should fall excessively below design strength.
* Select the higher calculated F'cR value.
* This ensures conservative mix design.

* Some statistical failures remain possible.

fecr=f'c+ 2.33s — 35



Required Strength Without Historical Data

* Extra safety margins compensate for missing

data. fc (Mpa) for
) ) .. Less than 21 f'c+7.0
o
Lowe.r strengths require fixed additional 51 o aE Y-y
margins. More than 35 1.1*f'c+5.0

Source: ACI 211 Comittee

* Higher strengths use proportional increases.

* Conservative targets reduce design risk.
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Requirements for a Valid Database

COMPRESSIVE STRENGTH DATABASE REQUIREMENTS

* Data must be less than 12 months old.
* Minimum 30 results are required.

* Results must be consecutive or equivalent
groups.

* Strengths must match target design.
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TO THE TARGET

| Database Target
| strength strength ‘

Allowable difference:

| o fc<28MPa: + 3.5 MPa

| o fc228 MPa: + 7.0 MPa

N

Q ALL THREE REQUIREMENTS MUST BE MET SIMULTANEOUSLY FOR THE DATABASE TO BE VALID.

j

Source: Open Al (2026)



Importance of Recent Data

COMPRESSIVE STRENGTH DATABASE REQUIREMENTS
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conditions. \ il
* Materials and standards change over : (V) zsomesuts || e "o
MR e | Allowable difference:
ti m e . o f'c<28MPa:  * 3.5MPa

o Qu a r ry p ro p e rt i e S m ay Va ry S | g n ifi Ca n t I y. ; Q ALL THREE REQUIREMENTS MUST BE MET SIMULTANEOUSLY FOR THE DATABASE TO BE VALID. ]

Source: Open Al (2026)

* Old data reduces reliability.



Minimum Number of Results

COMPRESSIVE STRENGTH DATABASE REQUIREMENTS

AN
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* At least 30 results ensure minimum sty [ Bbphesat B
reliability. \ il
* More data reduces uncertainty. () zsoResurs | | Towbme

< 12 MONTHS

| Allowable difference:

o f'c <28 MPa: + 3.5 MPa
| o f'c228 MPa: + 7.0 MPa

* Broader datasets better represent ) )
Va r i a b i I i ty. i Q ALL THREE REQUIREMENTS MUST BE MET SIMULTANEOUSLY FOR THE DATABASE TO BE VALID. ]

Source: Open Al (2026)

e Larger samples improve design efficiency.



Similarity of Strength Data

COMPRESSIVE STRENGTH DATABASE REQUIREMENTS
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Source: Open Al (2026)

* All database requirements must be
satisfied.



Standard Deviation and Data Size

 More data reduces standard deviation. — .

* Lower variability increases confidence.
* Small datasets create higher uncertainty. / \
e Statistical reliability depends on sample Source: Biology for Life. (n.d.

size.



Correction Factors for Limited Data

* Correction factors apply with 15-29 results. Tests Correction factor
Less than 15 |Refer to another table
* They increase standard deviation 15 1.16
conservatively. 20 1.08
25 1.03
* Fewer than 15 results are invalid. 30 1

Source: ACI 211 Comittee

* Thirty results eliminate correction
requirements.



Standard Deviation Calculation

 Standard deviation measures result dispersion.
* It compares results against the mean.
* Lower values indicate greater consistency.

* Essential for quality control.

2, A%

n—1




Combined Standard Deviation for Multiple
Datasets

* Non-consecutive datasets may be combined if they total at least 30
results.

* The equation calculates one representative average standard deviation.
* |t statistically combines variability from both test groups.

* This ensures valid data for reliable mix design decisions.

(nl—l)X512+(Tl2—1)X522
V n1+n2—2

sprom =




Corrected Standard Deviation and Final
Required Strength

* Correction factors apply when 15 to 29 Tests Correction factor
previous test results are available. Less than 15  |Refer to another table
o , 15 1.16
* Corrected standard deviation is used in 20 108
both required strength equations. 95 103
30 1

* Two equations determine the required
average concrete strength.

Source: ACI 211 Comittee

* The higher F'cR value ensures a safer,
more conservative mix design.

f'er=f'c+1.34s
fecr=fc+ 2.33s — 35
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Absolute Volume Method Fundamentals

* Absolute volumes convert material masses
into equivalent volumes.

Tm

* This method improves proportion
calculation and adjustment.

* It optimizes workability, strength, and
durability.

Source: Solvebility. (2025)

* Concrete components occupy defined
percentages of total volume.



Principle of Absolute Volumes

* Total component volumes must equal one cubic
meter.

Tm

* Each material contributes a specific volume.

* Unit-volume design simplifies proportion ,
calculations. Source: Solvebility. (2025)

* Mixtures can be scaled proportionally for larger
production.



< i 1| Conclusions

EIConcrete mix design combines experimentation, statistical analysis,
material science principles, and standardized quality control
procedures.

Concrete performance depends on material properties, water-cement
» ratio, production methods, curing, placement, and testing conditions.

s [0 Standardized testing procedures reduce variability, improve reliability,
@ . and ensure consistent evaluation of concrete performance results.

EI Statistical analysis, probability concepts, and standard deviation help
. control variability and ensure required concrete strength.

* [ Successful concrete mix design ensures adequate workability, durability,
. mechanical strength, consistency, economy, and long-term structural
performance.
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