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Fiber-reinforced concrete (FRC) has become a viable choice for 

many designers and builders for the unique properties and advan-

tages it provides.  From slabs-on-ground to underground structures,  

the use of FRC has been expanding in concrete construction.  This 

growth of applications has created the need to review the existing 

test methods for FRC and,  where necessary,  develop new ones.  Two 

reports (ACI 544.2R and ACI 544.9R)  have already been published 

regarding testing fresh properties and mechanical properties of FRC,  

respectively.  This report is the third and fnal report on testing FRC 

for its durability properties,  including shrinkage,  creep,  and perme-

ability.  Several standard and nonstandard test methods are presented 

in this report to represent some of the knowledge in this area.

Keywords:  creep;  durability;  fber-reinforced concrete;  shrinkage;  testing;  

transporting.
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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

Some of the key properties of concrete structures vary as 

a function of time and the environment.  These include,  but 

are not limited to,  shrinkage,  creep,  and transport properties 

such as permeability and difusion.  Fibers show a positive 

impact in improving the long-term durability (ACI 544.5R) 

and sustainability aspects of concrete (Cutright et al.  201 3).  

As described in this report,  fbers can help reduce and limit 

restrained shrinkage cracking,  which may occur in concrete 

with a large,  exposed surface such as slabs.  These applica-

tions are susceptible to rapid changes in temperature and 

humidity,  resulting in high water evaporation and higher 

potential for shrinkage cracking.  Another example is the 

use of fbers in applications where sustained loads and creep 

stresses can be critical in the service life of the structure.  

Bridge deck overlays,  environmental structures,  and tunnel 

linings are some of the applications where fber reinforce-

ment has been used successfully to enhance the long-term 

performance and durability of concrete (ACI 544.4R).  To 

ensure structural integrity and proper serviceability,  most 

building codes limit the allowable crack widths in the range 

of 0.006 to 0.01 5  in.  (0.1 5  to 0.38 mm) for concrete struc-

tures exposed to weathering and fbers can be benefcial in 

maintaining such allowances (ACI 544.1 0).  Fibers bridge 

cracks in a three-dimensional distributed manner because 

they are present throughout the body of concrete,  whereas 

reinforcing bars control cracks more locally (Hubert et al.  

201 5).  Cracks may occur as a result of over-stressing or time-

dependent stresses such as shrinkage and creep discussed in 

this report.

Fibers come in diferent material types,  geometries,  and 

sizes and typically range from 1 /8  to 2.5  in.  (3  to 65  mm) in 

length and are classifed according to ASTM C1116/C1116M.  

These fber material types include steel,  glass,  synthetic,  and 

natural,  as well as blended fbers.  A subclassifcation is often 

used based on the size and functionality of the fbers;  hence,  

fbers can be classifed as microfbers or macrofbers with 

the fber diameter of 0.012 in.  (0.3  mm) as the separating 

limit as defned by ASTM D7508/D7508M.  Adding fbers to 

concrete can change its post-crack response from brittle to 

ductile under various types of loads,  including compression,  

tension,  fexure,  and impact (ACI 544.4R).  After cracking,  

fbers bridge the cracks and start to carry tensile stresses,  

commonly referred to as post-crack residual strength.  More 

information on the mechanisms of FRC and related design 

guides can be found in ACI 544.4R.  The presence of fbers 

will help with reducing and controlling the crack width and,  

Table 1.1—Summary of the test methods presented in  this report and their applicability to FRC

Property Test Description Application to FRC

Shrinkage 

properties

Unrestrained,  

ASTM C157/C157M

Free (unrestrained) drying shrinkage of prismatic 

specimens

Not efective for studying macrofbers,  as concrete does 

not crack*

Restrained,  

ASTM C1579

Restrained plastic shrinkage of rectangular panels 

using stress risers

Efective in studying FRC for crack reduction in a 

comparative way.  Quicker test.

Restrained,  

ASTM C1581 /C1581M

Restrained drying shrinkage of concrete cast around a 

steel ring

Efective in studying FRC for crack reduction and time of 

cracking in a comparative way.  Longer test.

Restrained,  other
Restrained plastic shrinkage of square panels using a 

vacuum system

Efective in studying FRC for crack reduction in a 

comparative way.

Creep 

properties

Flexural:  Beams

Precracking beams,  followed by creep test at a specifc 

percentage of residual stress (ASTM C1399/C1399M, 

C1609/C1609M, BS EN 1 4651 )

Efective in studying FRC for cracked sections up to a 

known stress value.  Test can take a long time.

Flexural:  Panels
Precracking round panels,  followed by creep test at a 

specifc percentage of residual stress (ASTM C1550)

Efective in studying FRC for cracked sections up to a 

known stress value.  Test can take a long time.

Creep,  other

Direct tension test on precracked specimens (prismatic 

or cylindrical).  Compression test.  Fiber pullout test 

under creep load.

Useful in studying FRC if conducted correctly.  Proper 

direct tension test is very difcult to perform for concrete.

Transport 

Properties

Chloride difusion,  

ASTM C1202

Electrical indication of concrete’s ability to resist 

chloride ions ingress using cylinders.

Not efective for studying fbers,  as concrete cannot be 

cracked.

Chloride difusion,  

ASTM C1556

Bulk chloride difusion profle and coefcient using 

concrete cylinders.  Can precrack cylinders using split-

ting tensile test.

Useful in studying FRC for precracked specimens and 

determining the role of fbers in reducing crack width and 

difusion.

Chloride difusion,  

other

Bulk chloride difusion profle and coefcient using 

concrete beams.  Can precrack beams using FRC 

fexural tests.

Useful in studying FRC for precracked specimens and 

determining the role of fbers in reducing crack width and 

difusion.

Water permeability

Create water head (pressure) to fow water into a 

precracked concrete specimen (cylinder,  beam, or 

panel).

Efective in studying FRC for precracked specimens and 

determining the role of fbers in reducing crack width and 

water fow rate and permeability.
*Synthetic microfbers may reduce bleeding and therefore can help reduce the plastic shrinkage of concrete.  Refer to Section 3 .2 for more information.
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hence,  improve the performance of concrete under shrinkage,  

creep,  and environmentally induced stresses (ACI 544.5R).  

This report presents several standard and nonstandard test 

methods that have been used for determining and quanti-

fying the efectiveness of fber reinforcement in improving 

durability characteristics.  A summary of the presented test 

methods in this report for measuring shrinkage,  creep,  and 

transport properties of FRC is shown in Table 1 .1 .

1.2—Scope

This is a report on the current knowledge on testing time-

dependent properties of FRC, including shrinkage,  creep 

behavior,  and transport properties that afect the long-term 

durability.  The objective of this report is to review some 

standard and nonstandard test methods available in the liter-

ature for better evaluating these properties.  This document 

has summarized various published experiments;  the results 

are presented to illustrate the test methodologies and should 

not be taken out of context or used for evaluating specifc 

fbers.  The results from the tests used in this document are 

not intended for direct use in design of FRC structures.  The 

purpose of this document is to provide a better understanding 

of the many factors infuencing test results for the determi-

nation of such properties.  This report applies to shrinkage,  

creep,  and transport properties of conventional FRC using 

fbers classifed in ASTM C1116/C1116M.  This report 

excludes test results for ultra-high-performance concrete 

(UHPC) or engineered cementitious composites (ECCs),  

both with elevated dosages of fbers.  However,  these tests 

may still be applicable to UHPC and ECC materials.  The 

specifc efects of concrete rheology and fber orientation are 

also outside of the scope of this report;  more information 

can be found elsewhere (Khayat et al.  2014;  Kassimi and 

Khayat 2021 ).

CHAPTER 2—DEFINITIONS

Please refer to the latest version of ACI Concrete Termi-

nology for a comprehensive list of defnitions.  Defnitions 

provided herein complement that resource.

difusion—movement of species (ions,  gas,  or vapor) 

from an area of higher concentration to an area of lower 

concentration independent of the bulk motion of a fuid.

residual fexural strength—fexural strength retained 

in a cracked FRC beam, measured at a certain defection or 

crack width.

CHAPTER 3—TESTING SHRINKAGE OF FRC

3.1—Shrinkage in  concrete and FRC

Shrinkage of concrete is the reduction in volume caused 

by the loss of water or chemical reactions and can take 

place under various circumstances such as plastic shrinkage,  

autogenous shrinkage,  carbonation shrinkage,  and drying 

shrinkage (ACI 224R).  When concrete is fresh (plastic),  

the tensile strength of the material is too low, and cracking 

can occur as a result of small shrinkage-induced stresses.  

More information on early-age cracking of concrete and 

its measurement techniques can be found in ACI 231R.  

Typical strain value for hardened concrete in direct tension 

is in the range of 1 00 to 1 50 ×  1 0–6  (Gopalaratnam and Shah 

1 985) and typical drying shrinkage strain of concrete is in 

the range of 300 to 600 ×  1 0–6  (ACI 223R).  These values 

can be reduced using shrinkage-reducing/compensating 

admixtures;  however,  cracking is expected in concrete 

when its strain limits are reached.  Fibers can provide the 

additional strain and load-bearing capacity needed for 

resisting shrinkage stresses and controlling potential cracks 

(ACI 544.4R).

Concrete can contract under free (unrestrained) shrinkage 

without cracking;  however,  when concrete is restrained,  

it will go under shrinkage stresses and may experience 

cracking as shown schematically in Fig.  3 .1 a.  This is impor-

tant in measuring the cracking potential of concrete and the 

efectiveness of fbers in controlling shrinkage cracks.  Fiber 

reinforcement will limit the extent of restrained shrinkage 

cracking by limiting the crack width in concrete elements 

(Shah and Weiss 2006).  Synthetic microfbers and cellulose 

fbers can be benefcial for controlling plastic shrinkage 

cracks in concrete (ACI 360R).  Macrofbers (synthetic or 

steel) can be used for controlling cracks from shrinkage 

or thermal stresses,  as well as providing post-cracks load-

bearing and strain capacity under applied service loads 

(ACI 544.4R).

There is some degree of uncertainty in predicting the 

shrinkage of concrete structures,  as it depends on many 

parameters such as concrete composition,  source of aggre-

gates,  ambient relative humidity,  specimen geometry,  and 

the ratio of the exposed surface to the volume of the struc-

tural element.  If not controlled,  drying shrinkage cracks 

can lead to serviceability and durability problems over 

time.  Proper mixture design and construction practices can 

Fig.  3. 1a—Cracking of concrete due to drying shrinkage 

(ACI 224R).
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minimize the amount of cracking in concrete.  Shrinkage-

reducing admixtures (SRAs) are commonly used to reduce 

the drying stresses and shrinkage in concrete (ACI 231R) 

while shrinkage-compensating admixtures use expansive 

components to ofset the overall shrinkage of concrete.  This 

makes it possible to build larger slabs and walls with less 

control joints and less potential for cracking (ACI 223R).  

Unwanted cracks can be controlled using adequate rein-

forcement such as reinforcing bars or macrofbers,  as well 

as cutting contraction (control) joints in slabs-on-ground 

(ACI 360R).

Drying shrinkage may produce cracks in concrete if the 

shrinkage is restrained internally,  externally,  or both.  As 

drying progresses from the concrete surface inward,  pore 

humidity and the corresponding free drying shrinkage are 

generally distributed nonuniformly along the section thick-

ness,  with the largest strain at the surface and decreasing as 

the distance from the free surface increases.  For the case 

of drying from both sides,  the drying shrinkage stress is 

obtained with the consideration of internal restraints and is 

uniform over the cross section.  Many researchers found that 

peak tensile stress in the surface layer occurs in the beginning 

or during the frst day of drying,  and surface microcracking 

could be observed in concrete.  Microcracking in cement 

paste has been observed even within 1  minute after expo-

sure to drying (Higgins and Bailey 1 976).  For the case of a 

concrete slab resting on the ground, drying proceeds from 

the top surface when humidity at the bottom is constant due 

to contact with the ground.  This humidity gradient will cause 

a nonlinear distributed shrinkage profle along the slab depth.  

Two visible deformations develop as a result of the diferen-

tial shrinkage:  1 )  the axial movement,  which is convention-

ally treated as drying shrinkage;  and 2) warping or curling 

(Springenschmid and Plannerer 2001 ).  If restrained,  these 

two deformations may cause axial stress and bending stress,  

respectively,  as shown in Fig.  3 .1 b.  Typically,  only uniaxial 

drying shrinkage is measured to assess the potential efects 

of drying shrinkage.  The uniaxial drying shrinkage is a time-

dependent longitudinal contraction of a prismatic or cylin-

drical specimen under drying conditions.  The magnitude of 

uniaxial drying shrinkage depends on the size of concrete 

members because the drying process is limited to a surface 

region of a few centimeters thickness.  While fbers may not 

afect the magnitude of drying shrinkage,  they may slow 

down the movement of moisture by increasing the tortuosity 

or branching (Bakhshi and Nasri 2017);  this can result in a 

lower rate of drying and warping.  It has been shown that 

concrete reinforced with fbers can reduce water fow rate 

in a cracked section up to 85% compared to plain concrete 

(Tsukamoto and Worner 1 991 ).  The following two sections 

provide information on measuring free and restrained 

shrinkage properties of concrete and FRC.

3.2—Testing FRC for free (unrestrained) shrinkage

Free (unrestrained) shrinkage of concrete is commonly 

measured using prismatic or cylindrical linear specimens.  

Because the length of the specimen is much larger than 

the cross-sectional dimensions,  shrinkage can be assumed 

linear.  The standard free shrinkage test on concrete is 

performed according to ASTM C157/C157M, as shown in 

Fig.  3 .2.  This test has the advantage of a relatively straight-

forward data interpretation to measure the unrestrained 

uniaxial drying shrinkage of concrete.  The specimens are 

1  x 1  x 11 .25  in.  (25  x 25  x 285  mm) for mortar and 3  x 3  x 

11 .25  in.  (75  x 75  x 285  mm) or 4 x 4 x 11 .25  in.  (1 00 x 

1 00 x 285  mm) for concrete.  After 24 hours,  the specimens 

are removed from the molds for initial reading,  followed by 

optional moist curing.  The specimens are then stored in a 

drying room at 73  ± 3°F (23  ± 2°C) and 50 ± 4% humidity 

for length change measurement.  This type of test has been 

Fig.  3. 1b—Deformations and stresses caused by a nonlinear drying-shrinkage gradient (Springenschmid and Plannerer 2001).
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used by many researchers for comparing diferent FRC 

mixtures (Springenschmid et al.  1 985 ;  Kovler et al.  1 993 ;  

Toma et al.  1 999).  This test method is useful for compara-

tive evaluation of shrinkage potential in diferent concrete 

mixtures;  however,  the specimens do not crack in the absence 

of restrain;  hence,  the test does not show the contribution 

of fbers.  It should be noted that synthetic microfbers may 

reduce bleeding,  decrease evaporation,  and mitigate plastic 

shrinkage cracking in concrete.  When the water-cement ratio 

(w/c) is low and there is not enough bleed water to start with,  

synthetic microfbers help improve the strain capacity of the 

plastic concrete and distribute shrinkage stresses and strains 

more evenly,  thereby avoiding the creation of large localized 

cracks (Banthia and Gupta 2006).

3.3—Testing FRC for restrained shrinkage

As explained previously,  the efectiveness of fbers can 

only be observed when concrete is restrained.  Various tests 

have been developed to measure the cracking of strained 

concrete including two standardized tests:  ASTM C1579 

using square panels and ASTM C1581 /C1581M using a ring 

specimen.  ASTM C1579 is a test method that can be used for 

measuring cracking behavior of diferent concrete mixtures 

containing fber reinforcement under prescribed condi-

tions of restrain and moisture loss.  Panels of control plain 

concrete and FRC are prepared in a prescribed manner and 

are exposed to controlled drying conditions after fnishing.  

These conditions are intended to be severe enough to induce 

plastic shrinkage cracking in test panels made of control 

concrete.  As shown in Fig.  3 .3a,  the larger metal insert in 

the middle is the stress raiser that initiates the main crack.  

The other two smaller metal inserts on the sides function as 

internal restraints.

After 24 hours,  the crack widths are measured in the 

control and FRC specimens and the crack reduction ratio 

(CRR) is then calculated and reported.  For manual crack 

width measurement,  a crack comparator or crack micro-

scope can be used to measure crack widths.  Image acqui-

sition and analysis procedures may also be used for crack 

width measurement in this test,  as illustrated in Fig.  3 .3b 

(Qi et al.  2005).  Various studies have been performed using 

this test method for determining the efectiveness of fbers 

in controlling plastic shrinkage cracking (Qi et al.  2005;  

Sayahi et al.  2017).  Qi et al.  (2005) used 0.5  in.  (1 3  mm) 

fbrillated synthetic microfber at volume fractions of 0.05%, 

0.1%, 0.1 5%, 0.2%, and 0.25%, equal to 0.75,  1 .5,  2.25,  

3 .0,  and 3 .75  lb/yd3  (0.45,  0.9,  1 .35,  1 .8,  and 2.25  kg/m3),  

respectively.  The authors conducted statistical analysis of 

data comparing optical measurement and image analysis 

of cracks and found a good correlation;  CRR values are 

summarized in Table 3 .3 .  It has been reported that occasion-

ally this test may result in no cracks that can be observed 

using optical microscopy (Sayahi et al.  2017).  Using higher 

w/c  for the mixture or adding more restraints in the concrete 

specimens can help in formation of cracks.  Sayahi et al.  

(2017) suggested that,  because more than one crack may 

form in this test,  using crack area reduction can be a better 

representation of the FRC performance compared to crack 

width reduction.

ASTM C1581 /C1581M is another test to evaluate the 

performance of concrete mixtures when they are restrained 

from shrinking.  In this test,  concrete is cast around a steel 

ring and because movement of the concrete is restrained 

by the ring,  tensile stresses are developed in the concrete 

that can result in cracking.  Therefore,  this test may be used 

for studying the efectiveness of fbers in controlling drying 

shrinkage cracks and comparing fber type and dosage.  

Depending on the concrete properties and restraint levels,  

this test may take a long time to show cracking.  Due to its 

simplicity and economy, the ring test has also been devel-

oped into AASHTO T 363  and NT Build 433.  The main 

diference between these standards is the relative ratio of 

the concrete to steel ring thickness,  which infuences the 

Fig.  3. 2—Typical ASTM C157/C157M free (unrestrained)  

shrinkage test (Zhuan 2009).

Fig.  3. 3a—Schematics of ASTM C1579 restrained shrinkage test.  (Note:  1  mm = 0. 0394 in. )
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