
                                                                                     

 
 
 

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION  
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria 

Tel: (+43-1) 26026-0 · www.unido.org · unido@unido.org 

 

 

 

 

OCCASION 

 

This publication has been made available to the public on the occasion of the 50
th

 anniversary of the 

United Nations Industrial Development Organisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCLAIMER 

 

This document has been produced without formal United Nations editing. The designations 

employed and the presentation of the material in this document do not imply the expression of any 

opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development 

Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its 

authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or 

degree of development. Designations such as  “developed”, “industrialized” and “developing” are 

intended for statistical convenience and do not necessarily express a judgment about the stage 

reached by a particular country or area in the development process. Mention of firm names or 

commercial products does not constitute an endorsement by UNIDO. 

 

 

 

FAIR USE POLICY 

 

Any part of this publication may be quoted and referenced for educational and research purposes 

without additional permission from UNIDO. However, those who make use of quoting and 

referencing this publication are requested to follow the Fair Use Policy of giving due credit to 

UNIDO. 

 

 

CONTACT 

 

Please contact publications@unido.org for further information concerning UNIDO publications. 

 

For more information about UNIDO, please visit us at www.unido.org  

mailto:publications@unido.org
http://www.unido.org/


r--l S h.J-~~~1c; keseJr,J'- l~Ls f ,' t~l( c-f 'B~7~;~l~ ~:t~tt_:_/ 
Final Report ' 

Assignment to Shanghai {11 August - 31 August, 1985) 
Acct. No. DP/CPR/81/026/11-55 

SJbmitteg by ··· -. 
Prof. Dr.' S~ P. Shah 

Department of Civil En~ineering 
Northwestern University 

Evanston, IL 60201 

I was assigned by UNIDO to technically assist Shanghai Research Institute 
of Building Sciences. On arrival in neijing, I met Mr. Zhou Qin and Mr. Gu 
Zhang-Zhao of the Shanghai Research Institute of Building Sciences (SRIB) who 
accompanied me to Shanghai. In Beijing, I a 1 so met Mrs. :>an Xue Wen of the 
China New Building Materials Corporation. Mrs. Pan came with me to Shanghai 
and very capably interpreted all my lectures as well as all the technical 
discussions in Shanghai. Her familiarity wHh the technical subjects (she 
spent 2 years at Northwestern University doing research under my supervision) 
and her excellent knowledge of Engl isti were invaluable for this assignment. 
Mr. Zhou Qin was an extremely helpfol and hard working general interpreter. 
His assistance to my wife and me :nade our trip to China a very enjoyable one. 

In Beijing, I gave a lecture on Fiber Reinforced Concrete at the China 
Building Materials Institute. We also discussed their very useful research on 
Glass Fiber Reinforced Concrete Panels. 

At SRIB, the director Dr. Wang Pu introduced me to the Shanghai Municipal 
Construction ColTITlittee as well as the leaders of various research teams at the 
Institute. I had lengthy and fruitful te<.hnical discussions especially with 
the foll owing key people at SRIB: 1) Dr. Wang Pu, 2) Mr. Lu Ji-guang, 3} Mr. 
Li Tie-Liang, 4) Mr. Shen Dan-.;heng, 5) Mr. Gu Zhang-zhao, Ii) Mr. Hu Shao­
long, 7) Mr. Chen Ji~-an and 8) Mr. Zhou Jia-zheng. 

At ~IUB I gave several lectures and conducted several technical discus­
sions. Mr. Zhou Jia-Zheng distributed copies of my relevant publications 
before each lecture/discussion session which was helpful to the partici­
pants. He also duplicated about 200 of my technical slides for their future 
use. The participants at these lecture/discussion sessions included not only 
researchers from SRIB but from 26 other institutes in China {see tlie attached 
list of organizations which were represented at my lectures). 

The lectures and the subsequent discussions covered the followin~ topics: 
1) high strength concrete (normal weight and light weight), 2) fiber rein­
forced concrete, 3) fracture mechanics, 4) n~w materials in concr~te construc­
tion, 5) constitutive modeling of concrete, 6) fatigue of concrete structures, 
7) impact loading of cor.crete, 8) offshore structures, 9) earthquake and wind 
design. 

The discussions th.at followed my lectures showed a keer. interest and an 
acute desire to seek knowledge on the part of the participants. Aaset1 on my 
Yisit I can make the following reconmendations. 



Recanmendat ions 

1, SRtB is serving a very vital function of helping and quiding the building 
construction conmunity of Shanghai (and other pa1 ts of China) to 
modernize their construction and design techniques. Their excellent re­
search has already helped innovative construction of several high rise 
buildings. SRIB is essential in assuring that the materials and energy 
resources of China are used most efficiently and economically for the ra­
pidly increasing building constrcction of Shanghai. 

2. In order to acquire the most up-to-date research know-how, their re­
searchers should spend a year or more at the Universities in the IJ.S. At 
Northwestern University we will be glad to have researchers from SRIB 
conduct joint research in the topics mentioned in my lectures {see 
above). 

3. lhe current research at Northwestern jn1versity which is relevant to 
needs at SRIB include: 1) offshorr construction, 2) fatigue of concrete 
str~ctures, 3) imnpact, earthquake and wind loading. 4) fracture 
m~chanics. 5) fiber reinforced concrete and 6) high strength concrete. 

4. SRIB should be helped so that they can acquire ;:;tate-of-the-art equip­
ment. 

5. Research cooperation between SRIB and Northwestern University's Center 
for Cement, Concrete and Geomaterials should he establfshed hy visits 
from SRIB researchers to NU and vice-versa. 

6. SRIB should be aided so that they can expand their library-acquisitiorys. 

In summary, I found my visit to SRIB enjoyable and worthwhile. I 
hope that we can continue with the help of the UN the cooperation between 
NU and SRIB. 
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In addition to engineers from Shanghai Hesrach In~titute 

o:f Building Sciences, following institutions sent their rnprc­

sentatives to attend Prof.S.P.Shah's lectures in Jran~hai: 

1.. Scier..tific and Technological CoGltllission of Shanehai 

Hunicipal Construction Committee 

2. 3ast Chinu Design Institute 
3. Shanghai .i.Jesign Institute for Civil Buildings 

4. Shanghai Urban Construction Colledge 

5. 3hanghai l1csearch Institute -r-or Housing Management 

Technique 
6. Sh:mgh~ . ..i.. HP.sc:1rch Institute for Municipal 'dorks 

7. :;'J. 9 Design Institute of China Ship Corporation 

8. Shanghai Garden Design Institute 

9 •. tesearch Institute for No.3 llureuu of navicjational 

i:atters 
1 o. Shan~hai University of Industry 

11. Desit?l Division of Shanghai jJrancll of China Acamemy 

;Jf Scie.T.lces 
12. Design Division of ~hnnehai !·:unicipal i·;duc8tion 

~ureau 

13·. Sha."1Ghai 1.Jcsign Ins ti tu tc for Lie-ht Industry 

1~. Shanbhai Yiao Hua Glass Plant 

1 5. Shanghai r;o. 7 Plastic l'lant 

16. Shnnt;liai Spurt1time !Jchool for Civil ~n:;lnuurinf~ 

1 7. ~1llanghai rro. 1 Construction Corpor:.ition 

18. " !Jo.2 

19. Shanchai No.8 
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20. :}esisentiul ..8uildinr; Construction Company of Chrmg 
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::ing District r . -.. 
21. No.1 Construction Corporation of No.3 Bureau or 

navigational Matters 
22. Nanjing Uuilding Enginecrine Colledce 
23. Nanjing l!:ngineering Institute, Civil Bngini~erine 

Department 
24. Jiangsu Hescurch Institute for Buildinc :.;c i cucc~ 

25. Zhejiang Huilding Design Institute 

26. Shuzhou Concrete & Cement Products Hl1search Insti tti.tc 

t :1.. Jf.Uw:1 tJf<Jl :; : :S29~ 
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TECHNICAL ABSTRACTS 

Surendra P. Shah 

Technological Institute 
NORTHWESTERN UNIVERSITY 

EVA1\JSTON, ILLINOIS 



The surrrnaries of the following topics covered by Professor S. P. Shah 
during his visit to Shanghai Building Research Institute, August 1985 are 
attached. 

1. Post-Peak Tensile Response of Concrete 

2. How to Specify Performance of Fiber Reinforced Concrete 

3. High Strength Concrete 

4. Rate Sensitivity of Mode I and Mede II Fracture 

5. Constitutive Modeling for Dynamic Loading of Ccncrete 

6. A Modified Instrumented Charpy Test For Cement Based Composites. 

7. Test MethJ~S for Impact Resistance of Fiber Reinforced Concrete 

8. Properties of Steel Fiber Reinforced Concrete Subjected to Impact Loading 

9. Mechanical Properties of Materials Subjected to Impact 

10. A Strain Rate Sensitive Damage Model for the Biaxial Behaviour of Concrete 

11. Concrete and Fiber Reinforced Concrete Subjected to Impact Loading 

12. Application of Fracture Mechanics to Cementitious Composites 

13.Parameters for Con~titutive Modeling 

14. Orthotropic Model for Complete Stress-Strain Curves of Concrete Under 
Multiaxial Stresses 

15. Crack Propagation Resistance of Fiber Reinforced Concrete 

16. ~'. Tw0 Pararr.eter Fracture Medel for Concrete 



POST-PEAK TENSILE RESPONSE OF CONCRETE 

Failure of reinforced and prestressed concrete structures, in a 

majority of cases. is initiated by cracking of plain concrete. For 

example, in a reinforced concrete beam the failure is initiated by 

cracking of plain concrete in the tension zone of the beams. Once 

concrete is cracked, it is a c01T1Tion practice to ignore the resistance 

of cracked concrete. However, it has been known that plain concrete 

subjected to uniaxial tension has some post-cracking resistance. This 

post-cracking resistance has been often termed as the descending part 

of the concrete tensile stress-strain curve or the post-peak tensile 

response, or the strain-softening part of the response of concrete. 

Ignoring of the post-cracking resistance of concrete is not critical 

in detennining the ultimate resi$tance of r2inforced and prestressed 

concrete struct~res. However, rec2ntly it is increasingly realized 

that for rational calculations using nonlinear finite element analysis, 

it is necessary to include post-cracking rP.~istance of concrete for 

accurate predictions of deflection, crack-width, bond transfer, and 

tensile stiffening contribution of concrete between the cracks. 

The most co11111only referred to c~~plete tensile ,tress-strain curves 

are those by E~ans ar.~ Maurate, as shown on th~se slides. These curves 

labeled 1 and 2 and shown by dotted lines, were obtained by testing 

concrete specimens in paral~el with steel rods. This type of loading 

enabled the author to obtain the post-peak response and avoid the 

undesirable instability due to soft testing machines. On this same 

slide are also shown some recent tensile stress-strain curves obtained 



by Pickerson in Sweden. Traese curv<::?s are labeled 3 and 4 and are shown 

by solid lines. The comparison of the curves by Petersson were obtained 

by loading concrete specimens in a rigid testing machine, where the 

load was applied by increasing the temperature of the aluminum column 

parallel to the concrete specimen. A comparison of these two curves 

indicate a substantial discrepancy in many of the values. For example, 

Evans and Marate's modulus is much lower than Petersson. Their peak 

strains are also much larger and their optical crack widths are much 

smaller than indirectly calculated crack width of Petersson. The scope 

of the research being reported here is shown in the next slide. 

Our main purpose was to ootain reliable post-peak response of concrete 

specimens and from that obtain analytical equations which ~an be used 

for the finite element calculations. Specime~s are being tested in 

our closed-loop 40 kip MTS servo-controlled testing system, as shown 

in the next slide. 

We are measuring displacement at various gage lengths. We are 

also doing testing recording crack width measured optically, as well 

as recording strains along several points, both longitudinally and 

laterally. Specimens are loaded so as to maintain constant average 

displacement illlllediately across the notches, as shown in the next slide. 

The purpose uf providing a notch was to: 1) it assured that the 

crack will fcrm at essentially predertimed p1ane and, therefore, we 

knew where to optically measure the crack width during the post· peak 

ridging. The second purpose was to enable stable post-peak response 

For the feed-back control we chose the displacement right across the 

notch, since these displacements are generally the largest. We were 



able to obtain a very stable post-peak response. If one uses larger 

g~ge lentghs for the feed-back control. then one is not assured of 

stable response because that does r.ot prevent the local strain right 

near the crack. from blowing up. Tension testing of weak brittle 

materials like concrete piers problem with the grids. which were 

solved by designing special grids as shown in the next s~ide. These 

were wedge type grids where the wedge was designed with steel. Next 

to it was lluminum. and next to it was rub~er. and tnen the specimen. 

The overall testing set-up is shown in the next slide. 

A. typical result of concrete specimens are shown in this slide. 

The mix proportions of concrete specimens are also shown there. The 

water to cement ratio was .45 and specimens were tested after 28 day 

for moist curing. The results of both notched and unnotched specimens 

are shown. It was found tilt the notch did not influence the average 

response of the specimen. That i~. the average stress versus average 

deformat; .'lns were not influenced by the presence of the notch. However, 

wh~n the specimens were not notched, it was ~ot always possible to 

obtain a stable response of the specimen during the post-peak region. 

This is because the crack may form outside the gage length where 

the displacements are measured for the feeo-back control. These 

specimens are not notched. Herc the results of four specimens are 

shown, three of them were loaded monotonically, whil~ one specimen was 

loaded in incremental strain cycling. It can be seen that the peak 

of the cyclic curves coincide with the monotonic curves and that means 

that the concept of envelope curve is also valid for concrete subjected 

to uniaxial tension. The concept of ~he envelope curve has been si1own 

-r---- --
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to be valid for concrete in uniaxial cc.npression and it is a useful 

design tool for concrete subjected to seismic excitation. Note that 

the progressive degradation due to cyclic loading of concrete in 

uniaxial tension is also similar to that reported for uniaxial com­

pression. In this curve, average stress was deformation as measured 

with a gage length of 3.25 in. as reported. Why we did not calculate 

strain from this defonnation is shown in the next slide. 

In this slide stress-strain curve of a single specimen of mortar 

is plotted. The strains are measured with strain gages along various 

points as well as strains as con.puted from displacement measured with 

3.25 in. gage length are shown. It can.be seen that in the post-peak 

region the measurement of strain depends upon the gage length. Thus, 

one cannot talk about tensile stress-strain curve in the; post-peak 

region. Also, note that up to the ascending part, the curves, that 

is the stress-strain curves, are the same regardless of the gage length 

or the location of the strain gages. ihus, we think that it is 

preferable to talk about stress displacement curves for concrete rather 

than stress-strain cur~ez. This definition provides a unique stress­

strain curve, as shown in the next few slides. 

In this slidE the displacement as measured with a one-half inch 

gage length in abscissa are compared with the rtisplacement as measured 

with 3.25 gage length in the ordinate. This comparison is for concrete 

specimen, mortar specimen and a paste specimen. If the strains were 

uniformly distributed, then ~11 the data points should fall on a slope 

of 1 to 6.5. If, or. the other hand, the strain were localizea on a 

single line, then both of these displacements should be identical and 

they should fall on 1 to 1 slope. It can be seen, that as the displacement 
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increases for all three materials. the slope is approximately equal 

to 1. However, only for concrete. The line is very close to the 

line equal to to 1. One could conclude that at least for a concrete 

specimen. and to a large extent for mortar and paste specimens, in the 

post peak region, the displacement of the specimens are essentially 

the same regardless of the gage length. The fact that the large 

increase of nonlinear strain in the post-peak region is conc2ntrated 

in a rather narrow zone. was also confinned from optical crack measure-

ment. This is shown in the next slide. 

I~ the abscissa are plotted optical crack widths which were 

observed with the accuracy of about 251TDTI, are plotted against computed 

crack widths. Computed cracks are calculated as the difference bet~een 

total ~asured displacement minus the elastic displacement. It can be 

seen that for concrete these two displacements are very close to each 

other. This his not true for paste and mortar. However, considering 

the percentage difference between the optical crack width and computed 

crack ~idth. perhaps even for past and mortar, it could be assumed 

.\ that these two are approximately equal. 

Strain distribution across the specimen at various loads are shown 

in this ~lide. It can be seen that before the pedk stress, strains are 

more or less uniformly distributed on both sides of the specimen, thus 

indicating that the~e was no bending. As beyond the peak stress as 

exptedted, the strains at the root of the crack are larger and 

eventually when the crack crosses a part1cular strain, the strain 

gages become inopperative, as shown by the dotted line. The vertical 

of the longitudinal strain distribution is shown in the next slide. 

/ 
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It can be seen that up to the peak stress, the longtidunal str~in 

distribution is more or less unifonn after the peak stress. Once the 

crack is fanned the strain is localized much more near the crack 

while away from the crack the strain is in fact reduced. 

Before the program started we had expected cement paste to behave 

brittley and not to exhibit significant post-peak response. Thi: was 

not the case. Celll(,nt paste exhibited significant post-peak response. 

as shown in the next slid~. 

The apparent ductility of cement paste compared to mortar and 

concrete can clearly be seen in the next slide, where the average 

stress~s in the post-peak region are plotted against optical crack 

width. It can ~e seen that cement paste can resist substantial 

stresses. even in the post-cracking range and they are quite com­

parable to concrete and mortar. The average tensile properties of 

concrete, mortar. and paste are compared in the next slide. 

The important thing here is the last column where the ratio 

of tangent modulus versus secant modulus as peak is plotted. If 

ti is ratio was 1 then the material was lir.;arly elastic. It can be 

seen that contr~ry to compression and contrary to ~rior oberservation 

up to the peak at least. paste and mortar are more no111inear than 

concrete. A comparison bttween tension and compr~ssion is shown 

in the next slide. 

Notice that the tangent model in tension is at ieast as gret 

as that in compression. Also note that the ?eak strain in tension 

is substantially less than that in compression and that the nonlinearity 

up to the peak as char~cterized by the ratio of tangent modulus to 

secant modulus at peak is greater in compression than in tension. 
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Finally, in the next slide are plotted some observations obtained 

from cyclic loading of concrete and mortar specimens. Plotted t.~re 

are the residual displacement versus unloading displacement. That is, 

the displacement from the envelope curve from where the unloading 

co1T111enced. A linear relatio~ship is obtained. A similar linear 

relationship between residual displacement and t.he displacement where 

the unloading commences on the envelope curve, has also been obtained 

in compression. 

In conclusion, it is possible to obtain stable post-peak response 

in a relative soft machine by using closed-loop testing system and by 

proper selection of the feed-back control. The stress-strain curve 

of specimens depend very much on the definition of strain that is on 

gage length. It is recommended that in order to obtain a unique curve 

it is better to use stress versus displacement relationship. If a 

sufficiently large gage length is used, then stress versus diaplacement 

relationship up to the ascending part up to the peak part are the same 

as the nonnal stress-strain curve. In the descending part stress versus 

displacement seems to be more or less independent of the gage length. 

Conclusion #3. The nonlinear defonnation in the post-peak region 

seems to be concentrated in a very narrow band. The width of this 

narrow band, also known as fracture process zone, does not seem tc be 

related to the grain size as one might expect in a predicted manner. 
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HOW TO srECI FY PERFORMANCE OF rHH:R REINFORCEil COtlCRETE 

by 

S. P. Shah 
Department of Civil Engineering 

Northwestern University 
fvanston, Illinois 60201 

INTRODUCTION 

For most structural material the most important quantity that is 

used for design and for which there are test specifications, is the 

strength of ~he material. For example, for steel structur~s. the 

tensil.e yield strength is the most routinely measured property of t;he 

steel. Similarly, for concrete structures, the most common property 

that is specified and used in design is 1ts unfaxial compressive strength. 

Another commonly specified property for concrete is its modulus 

of rupture measured by testing beams. MOR is the one 

which is specified for the construction of concrete pavements. The 

addition of metallic mineral or organic fibers to concrete increases 

its toughness, ductility, or crack propagation resistance much more 

than its strength. This ts explained in the next slide. Here load 

deflection curves of plain concrete and steel fiber reinforced concrete 

beams are plotted. When testing plain concrete, one generally observes 

that as soon as a crack propagates from the tension direction, the bea~ 

essentially fails into two. For fiber reinforced concre~e beams, one 

also observes a tensile crack at about the same load as the maximum 

load observed for the corresponding plain concrete beam but, fiber 

reinforced concrete beams continue to resist load with increasing 

deflection even after the so-called first cracking. This is quantitively 

IW 
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shown in the next slide where the deflection at first crack and 

deflection at the peak, or maximum loaa, are plotted f~r steel fiber 

reinforced concrete beams in the next slide. 

2 

The parameter in abscissa is a product of volume fraction of fibers 

and its aspect ratio. Both of these quantities have been shown to be 

important in defining the influence of fibers. It can be seen that the 

deflection at first crack is essentially independent whether you have 

fibers or not and in what quantity they are added or how long they are, 

or what are the diameters. However, the deflection at peak load increases 

with th.e addition of fibers and can be substantially greater than that at 

the first crack. (Mext slide) 

If the area under the load deflection curve from zero load in the 

ascending part to zero load in the descending part, ·is defined as 

fracture toughness then this slide shows that increasing the volume 

fraction of fiber substantially increases the toughness of fiber reinforced 

concrete beams. ~ote that increase in modulus of rupture is only slight, 

while the increase i~ toughness is of the order of magnitude. (Next slide). 

The same observation regarding the performance of fibers can be made 

from this slide where uniaxial compressive stress-strain curves vf plain concrete 

and concrete reinforced with different types of steel fibers are plotted. 

There is very little difference in compressive strength between concrete 

and fiber reinforced cocrete. However, the post-peak resistance is 

substantially influenced by the presence of fibers. 

From these observations it is clear that for construction involving 

fiber reinforced concrete, specifying strength will not control the most 

important contribution of fibers. However, specifying toughness or post­

cracking resistance has been difficult because it is a difficult quantity 
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to define and measure. The problem of how to measur~. define and 

specify th1s quantity called toughness. is currently being wrestled 

within two organizations, American Concrete Institute, and American 

Society for Testing and Materials. One method of specifying and 

measuring toughness that is being considered by both of these co11111ittees 

is shown in the next slide. 

It is proposed that the toughness index be defined as an area 

under the load deflection curve measured up to a fixed deflection 

divided by the area under the load deflection curve up to first cracking 

or fiber reinforced concrete beams. The two load-deflection curves shown 

here are those for beams reinforced with a small amount of fiber and 

beams reinforced with a larger percentage of fibers. It can be seen 

that the toughness index as defined varies from about ten to thirty. 

There are several problems with this method. The post-peak load 

deflection curve is not independent of the size of the beam and the 

span of the beam. That is, the load deflection curve of the beam is 

not only dependent on the basic material property but also on the 

dimensions of the specimens, as well as on the method of loading: 

three point vs. four point loading. The second 

objection deals with the definition of first crack. It is assumed that 

the area labeled l, that is, the area up to the fir~t crack for 

fiber reinforced concrete beam, represents the toughness of plain concrete 

beams. This area, however, depends upon how one defines first crack 

strength. Whether it is defined as deviation from linearity or whether 

it is defined microscopally, gives different results. The third problem 

deals with the specimen testing machine irteraction. Dependeing upon 

whether the specimens are tested in closed-loop and depending upon 



whether the load is imposed by controlling deflection, or load, one may 

get a different shape of the post-peak load deflection curve. If the 

loading is don~ carefully, one obtains a smooth, stable post-peak 

response even for plain concrete as shown 1n the next slide. 

These specimens were loaded under closed-loop testing control 

so as to maintain a constant rate of the maximum tensile strain. 

It can be seen that if the toughness of plain concrete is taken 

simply as the area up to the peak load, then one underestimates the 

toughness of plain concrete. A second proposal to evaluate toughness 

is shown in the next slide. 

Here the resistance of concrete and fiber reinforced concrete to 

repeatedly applied blows from a hardened steel ball is measured as a 

toughness. The steel ball is raised to a specified height and is 

dropped and this is done repeatediy until the diameter of the concrete 

cylindrical specimen increases by a ~ertain amount. It has been 

observed that it requires 50 blows for plain concrete to reach this 

arbitrary state of damage, while it may require as many as 500 blows for 

fiber reinforced concrete. Note that the thoughness index defined by 

this method has the .• 1c1ximum value of ten, while as defined by the load 

deflection curve, the maximum value was around 30. This points out 

that both of these methods are very much dependent on the method of 

testing and may not be a true material property. 

We are currently doing research at Northwestern University to 

better understand the fracture toughness behavior of fiber reinforced 

concrete with the goal of coming up with a more rational evaluation and 

specification of this important property. This research is being 

4 
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sponsored by a grant from the United States Air Fo~ce Office of 

Scientific Research to Northwestern University. The grant is being 

monitored by Lt. Col. Hokanson. who also happens to he fn the 

audience. I am going to briefly summarize three different aspects 

of our research: l) evaluation of toughness from uniaxial tensile tests, 

2) evaluation of toughness by using modified instr~mented Charpy tests, 

and 3) by using fracture mechanics concepts. 

To better understand the post-peak response of concrete and fiber 

reinforced concrete subjected to uniaxial tension, we have developed 

a closed-loop testing arrangement. This is shown in the next slide. 

·------ ·- -- .. --------··- ----- -----··------

5 

Specimens are loaded in an MTS type servo-controlled hydrol1c, closed-

loop testing machine. During tests we are measuring strains with various 

gage length, displacement, as well as observing cracking using an optical 

microscope. To avoid failure within the grip, a specially designed 

frictional wedge type of grid is being used. Next slide. 

To assure cracking at a predetermined location, we are using notches. 

These specimens are loaded so as to control average displacement as 

measured right across the notch. If the displacement measured from the 

larger gage length are used as a feed-back control of the machine, then 

you may not get stable post-peak response because displacement around the 

crack can still blow up. The measured response of the specimen is shown 

in the next slide. 
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Note that the displacement measured can be a different gage length 

than those used for the feed-back. Using this set-up, we have observed 

that in the post-peak region. the displacements are primarily due to 

widening of a single CrdCk. As a result, there is not unique strain 

relationship once the :racking has occurred around the peak. During 

che post cracking region the value of strain would depend upon the 

gage length. However, a unique stress displacement relationshop has 

been observed. This we are using to characterize the performance of 

fiber reinforced concrete. Next slide. 

6 

Charpy tests have been used for metallic and polymer materials to 

measur~ indirectly toughness of the energy absorbed in breaking the 

specimens. Conventional Charpy impact machines are not suited for testing 

concrete and fiber reinforced concrete for a couple of reasons. With 

this conventional testing machine it is not possible to use relatively 

large size specimens required to tes! concrete and fiber reinforced 

concrete specimens. The second reason is the conventional Charpy test 

measured energy absorbed in breaking the specimen. It does not include 

the kinetic energy of the broken halves specimen or the energy absorbed 

in the testing machine. In addition, one does not get any idea of other 

parameters such as dynamic fracture toughness from the conventional Charpy 

test. As a result, we have modified a conventional Lharyp test as shown 

in the next slide. Our modifications include the following: 1) a 

possibility of testing large size specimens with a span of about 10 inches, 

2) we have instrumented both the striker and anvil. As a result, during 

the impact event it is possible to measure load versus time characteristics 

of the specimen. From these as well as from measurements of deflection, 

one can calculate load deflection curve of the specimen under impact loading. 

&£l£., - cos .. t 



From this one can calculate more accurately the energy absorbed 

, 
I 

in brP.aking the specimen. In addition, if the specimens are notched then one 

can also calculate stress inttnsity factor as well as velocity of cr~ck 

propagation and other characteristics needed to identify resistance to 

cracking. Load deflection curves for two different steel fiber reinforced 

concrete spt~imens tested at the static rate and at the dynamic impact 

rate are shown in the next slide. 

From this it was observed that the increase in modulus of rupture for 

steel fiber reinforced concrete was higher than for plain concrete. 

The energy as calculated from load deflection curve, is shown in the next 

slide. 

It can be seen that compared to plain concrete, fiber reinforced 

concrete can have as much as about 100 times the energy absorbed to 

fracture. Note that in the dr.opping ball type impact test mentioned earlier 

one records an energy enhancement of only 10. This points out the need 

for accurately recording the toughness or the energy value. 

Since the main contributions of the fiber is increasing the 

resistance of cracking of concrete, it would seem reasonable to m!asure 

fracture toughness of concrete using the principles of linear elastic 

fracture mechanics. Using these principles, the fracture toughness of 

metals have been measured and the methods of these measurements have been 

specified in the rele1ant ASTM specifications. Next slide 

The fracture toughness in Mode I crack propagation is referred to 

as Klc which is the critical stress ;ntensity factor for crack propagation. 

Stress distribution around a singularity introduced ~Y crack for a linear 

elastic material is shown in this slide. It is real1 .ed that at the tip 

of the crack the stresses cannot be infinite as predicted by these 



• - • • 1 • . .. . , . ~. . . 
. . 

8 

equatior.s. For metals at the tio of the crack, because of local yielding, 

the stresses would be equal to the yield ~tress of the material. The zone 

around the crack tip where this happens is called the plastic zone. The 

test methods to evaluate Klc for metals, are designed such that the length 

of this plastic zone is small compared to the length of the crack. As a 

resul~. this singularity dominated stress distribution can still be 

considered valid. Next slide. 

One could analyze for the length of this plastic zone by calculating 

the stress intensity factor due to applied load away from the crack and that 

due to the so-called pinching or closing pressure resulting from the yielding. 

Attempts have been made to apply a similar model for fiber reinforced 

concrete where the closing pressure would result from fiber bridging 

forces. However, for fibers, the closing pressure is not constant as 

it is for yielding type of· materials. In fact, the fiber bridging fore.a 

depends on the crack opening or the slip, as is shown in the next slide. 
·---- ----------

In this slide using the tensile test set-up that I had described 

earlier, I have plotted the results for the post-peak region for a steel 

fiber reinforced concrete specimen. Stress versus cra~k opening or the 

slip between fiber and concrete are shown. It can be seen that the fiber 

bridging force decreases as the slip increases or as the crack opening 

displacement increases. Based on this consideration, we have developed a 

model to predict fracture toughness of fibe~ reinforced concrete. This 

model is shown in the next slide. 

A given crack in a concrete matrix can be considered as if it is 

made up of three zones. Zone 1 is the traction free zone which is the 

classical Griffith crack. The second zone is where the fiber bridging 

forces are: operative and the third zone is called the matrix process zon2 
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which results from nonlinearity at the tip of the matrix due to micro­

cracking and aggregate interlock. Note that the forces in the fiber 

brid~ing zone depend on the crack opening and because of this coupling 

between the forces and the crack opening, one needs a nonlinear ir.tegral 

equat1on to solve this problem. In addition to the theoretical m~del 

we also have been investigating different types of fracture mechanic 

9 

type of specimens. What we ~re aiming is to come up with a fracture 

mechanics evaluation, both experimentally and theoretically which is 

independent of the specimen type. We are testing three types of specimens. 

The first one is called double cantilever specimen. This type of 

specimen permits evaluation of fracture toughness for cracks of up to 

about 18 ir.ches long. The seccnd type of specimen is called double 

torsion and the third type of specimen is the nc-tched beam specimen. 

During te~ting we measured load, deflection, crack opening. as well as 

the ~rack length, using a traveling microscope. Some results for 

concre~e and fiber reinforced concrete are shown in the next slide. 

We find out that fracture toughness cannot be expressed with a 

single term such as Klc or Glc but an R-curve, or a resistance curve. 

In this slide is plotted strain energy required for crack propatation 

with crack ext~nsion. Because of the fiber bridging forces, the energy 

to propagate a crack increases with crack length and when the crack is 

sufficiently long, it reaches a steady state value. Only for these large 

cracks one could apply conventional linear elastic fracture mechanics. 

Note also that even if R-curve were a unique material property, one may 

obtain different values of conventional Klc or Glc' depending upon the 

initial length of the' notch and depending upon the geometry. 
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In the last slide are some R-curves for fiber reinforced contrete shown. 

The solid curves are those obtained theoretically for one type of fiber. 

Also shown are experimental curves. Our experimental curves and 

theoretical model seem to agree quite well. Note that compared to plain 

concrete the resistance of fiber reinforced concrete is substantially 

higher, as one would expect. Also, one measure of fracture toughness 

10 

could be the steady state value of R-curve. If that is ~sed as a measure 

for our types of fiber we observe that fracture toughness of fiber 

reinforced concrete is about 40 times that of plain concrete. This 

value seems reasonable considering other measurements of fracture 

toughness. ln conclusion, I would like to say that it is possible 

to calculate fracture toughness of fiber rt inforced concrete 

rationally and accurately, by using nonlinear fracture mechanics 

principles. However, the testing required for such measurements is 

more involved than routine compression or flexural testing. It will 

also be possible to obtain relatively specimen gecmetry independent method 

of evaluating fracture toughness from uniaxial tension tests. To obtain 

stable and reliable post-peak response one needs a closed-loop type of 

testing which again is more involved than more routine testing 

associated with cement and·concrete. 

The area under the load deflection curve is probably an acceptable 

measure of fracture toughness if the effects of specimen geometry and 

the inter~ction between specimens and testing machines are understood. 

For relative comparison purposes and for quality control, flexural testing 

methoas may be quite appropriate. it should be noted that, in general, 

such methods will under~~timate toughness of plain concrete and concrete 

reinforced with smaller amounts of fibers. 
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HIGH STRENGTH CONCRETE 

by 

Dr. S. P. Shah 

Professor of Civil Engineering 

Northwestern University 

Evanston, IL 60201 

ABSTRACT 
I 

High strength concrete (uniaxial compressive strength, f c greater than 42 

Mpa) is experiencing an ir.creasing use and acceptance by designers and con­

tractors for·both reinfor~ed and prestressed concrete construction. The first 
I 

use of high strength concrete (f c = 7000 Psi = 49 Mpa) in buildings was in 

Lake Point Tower (Chicago) 1n 1965, and the first application in bridges was 

for Willow bridge (Toronto) in 1967. An excellent s1.immary of buildings and 

bridges in which concretes of higher than normal strengtr1s have been used is 

presented in a recent ACI committee report. The principal advantage of high 

strength concretes is their relatively greater compressive strength to unit 

cost, unit weight an~ unit volume ratios as compared to normal strength 

concretes. High strength concrete, with its greater compressive strength per 

unH cost, is often the least expensive means of carrying compressive 

forces. In addition, its greater compressive strength per unit weight and 

unit volume allows lighter and more slender members. Other a1vantages of high 

strength concrete include increased modulus of elast ki ty and increased ten-

s1le strength. Increased stiffness is advantageous when deflections or sta-

bility govern the 1esign, and increased tensile strength is advantageous in 

service load design fn prestressed concrete. 

The current code for designing reinforced concrete structures as well as 



tor designing prestressed concrete structures are based on, among other 

things, experimental evidence of testing concrete structures of compressive 

strength less than 6000 psi. A logical question to ask is: "Can we use the 

current design code for concrete structures made with concrete wit._ compres­

sive strength considerably greater than 6000 psi"? In the curr~nt code, many 

design parameters affecting the strength and behavior of structural memhers 

are related empirically to the compressive strength of concrete. These empir­

ical parameters have been established by both laboratory experiments and 

design experiments with concrete having compressive strength less than 6000 

psi • Thus, one must quest 10n whether the current equat i ans can be extra­

polated to concrete with compressive strength consit1enbly higher than 6000 

psi. 

The writer has been involved in a continuing investigation which has as 

one of its aims to ans~er the question that is just posed. The current ACI 

committee on high strength concrete is also investigating the applicability of 

the current ACI code to high strE:ngth concrete. Some of the current thinking 

of the ACI committee as perceived by the author is summarized in this report. 

In this paper, experimental data on high strength concrete obtained by 

the author are reported. Basert on these data as well as those reported hy the 

other investigators, the author has propose<1 empirical relations to suhstitute 

some of the currently used relationships. Note that the details of the exper­

iments are presented elsewh~re. In this paper, the emphasis is on the re­

sults, 'omparison with the normal strength concrP.te, oevelopment of the empir­

ical formulae and some discussion on the implication fJr structural design. 
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RATE-SENSITIVITY OF MODE l AND MODE II FRACTURE OF CONCRETE. Surendra P. Shah and 
Reji John, Department of Civil Engineerin~, North~estern University, Evanston, 
Illinois 60201. 

For rational and accurtlte analysis of concrete structures subjected to impact or 
impulsive loads the knowledge of crack provagation under such dyn8lllic loads is 
essential. Cracks frequently propagate under Mixed-Mode (opening and sliding: Mode 
I and Mode II) conditions. The rate of loading effects on the mechanical properties 
have been attributed to the rate sensitivity of crack propagation. The strain-rate 
effects may be different in Mode I and Mode II fractur~ of concrete. Single Edge 
Notched ~ams were subjected to varying rates of loading, to establish the Mode I 
Stress Intensity Factor, Kr vs. Crack Velocity, V, relationship for mortar and 
concrete. Impact tests were conducted using a Modif1ed Instrumented Charpy !&pact 
Test Sys:em. The rate of cra1.:k growth was obtained using brittle 'Krak Gages'. 
Beams ~1th two notches on one edge are being tested at different rates of loading to 
obtain the rate-sensitivity of Mode II fracture. 

Mode I test results lead to the following conclusions. (1) Slow (pre-peak) crack 
growth for concrete is larger than that of mortar, at a given strain rate. (2) 
Pre-peak crack growth decreases with increase in strain-rate. This could be the 
reason for decrease in pre-peak non-linearity at higher strain rates. Hence LEFM 
approach may be valid at r _gh rates of loading. (3) Log Kr - Log V relationship 
is non-linear especially at the higher rates of loading. 

Professor Surendra P. Shah 
Department of 1:1vil Engineering 
Northwestern University 
2145 Sheridan Road 
&vaoston, Illinois 60201 
(312) 491-7878 
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CONSTITUTIVE tl>DEL FOR DYNAMIC LOADING OF CONCRETE 

By 

Wimal Suaris 1, A.M.ASCE and Surendra P. Shah2, M.ASCE 

ABSTRACT 

The constitutive properties of concrete under dynamic loading 

are necessary for the rational analysis of concrete structures subject 

to impact and impulsive loads. The constitutive model presented herein 

models microcrarking through the use of a continuous damage parameter 

for which a vectorial representation is adopted. The rate of increase 

of the damage is dependent on the state of strain as well as on the time 

rate of strlin. The constitutive equations are derived from the strain 

energy function which is influenced by the accumulated damage. The 

constitutive model is calibrated using uniaxial tension (or flexural) 

and uniaxial compression test data. The calibrated model is t~en used 

to predict certai~ other load responses of concrete. 

1Asst. Professor, University of Miami, Coral Gables, FL 33124 

2Prof. of Civil Engr., Northwestern University, Evanston, IL 60201 



A MODIFIED INSTRUMENTED CHARPY TEST 
FOR CEMENT BASED COMPOSITES 

BY 
* ** V. S. Gopalaratnam , S. P. Shah 

* and Reji John 

Abstract 

A description is given of a modified instrumented Charpy test 

that is designed to enable impact-testing of cementitious composites. 

Problems encountered in instrumented impact testing of such composites 

and solutions to overcome them are discussed. Results of tests on 

concrete specimens at four different impact velocities are reported 

and are used to evaluate the performance of the test set-up. A simple 

spring-mass model is used to verify the test results. This model is 

capable of providing suitable guidelines for the apriori selection of 

the basic test parameters with a veiw to minimize parasitic effects 

of inertial loading. 

* Graduate Research Assistants 

** Professor of Civil Engineering, Northwestern University, Evanston, 
Illinois, 60201. 
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Test Methods For Impact Resistance of 
* Fiber Reinforced Corcrete 

By W. Suaris1 and S. P. Shah2 

Synopsis: It is well accepted that fiber-reinforced concrete ex­
hibits superior impact resistance than does plain concrete and 
numerQus tests have been employed to evaluate its impact resistance. 
These include explosive tests and impact tests using projectiles 
and drop weights. Some of these tests and their results are des­
cribed in this paper. Attempts to obtain more basic material 
parameters, by conducting instrumented impact tests, are described 
next and problems associated with the interpretation of their re­
sults are discussed. Finally a testing method developed by the 
authprs, which appears to yield basic mechanical properties of 
fiber-reinforced concrete subjected to impact is presented. 

1Asst. Professor, Dept. of Civil Engineering, University of Miami, 
Cor~l Gables, Florida 

2
Professor of Civil Engineering, Northwestern University, 
Evanston, Illinois 60201. 
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PROPtRTIES OF STEEL FifiER REINFORCED CONCRETE 
SUBJECTED TO IMPACT LOAOING 

By 

HS: 5960 

Y. S. Gopalaratnam1, MACI and S. P. Shah2, FACI 

ABSTRACT 

The effect of strain-rate on the flexural behavior of unreinforced matrix 

and 3 different ftber re1nfo:·ced concrete (FRC) mixes are discussed. Results 

obtained frcm the modified instrumented Charpy tests on cement c0111posites com­

pare well with results from several similar investigations that use an instru­

mented drop-weight set-up. 

FRC mixes are more rate-sensitive than their respective unreinforced mat­

rices, showing increases in dynamic (strain-rate of 0.3/s) strength of up to 

111i and energy absorption (up to a deflection of 0.1 fn., 2.5 nm) of up to 

70% (Vf = 1.Si) over comparable values at the static (strain-rate of 1 x 

10-
6

/s) rates. Composites made with weaker matrices, hfgh:!r fiber contents 

and larger fiber aspect ratios are more rate sens1tfve than those made with 

stronger matrices, lower fiber contents and smaller fiber aspect ratios. Sev­

eral observatl ons made in the study suggest that the rate sens1tfv1ty exhf­

~ited by such composites ts primarily due to a change 1n the cracking proce~s 

at the different rates of loading. 

Relative improveh.ents fn performance due to the addition of fibers as ob-

served fn the instr-umented tests are al so compared to those fran the conven­

t f onal impact and static tests. Resulting from this comparison, 1t fs ob­

served that static flexural toughness tests may be used to approximately esti­

mate the dynamic performance of FRC. 

!Assistant Professor. Department of Civil Engfn~er1ng, 1Jn1vers1ty of Missour1-
Columbfa, Columbia, Missouri 65211 

2Professor, Dept. of Civil Engineering, Northwestern University, Evanston, 
I 11 ino ts 60201 



MECHANICAL PROPERTIES OF MATERIALS SUBJECTED TO IMPACT 

An Introductory Report for the Interassociation Symposium on 

CONCRETE STRUCTURES UNDER IMPACT AND IMPULSIVE LOADING 

Berlin (West), June 1982 

Prepared by 

W. Suaris and S. P. Shah 

Department of Civil Engineering 
Northwestern University 

Evanston, Illinois, 60201, U.S.A. 

Prepared Under U.S. Army Research Office 
Grant #DAAG 29 - 79- C - 0162 

Summary 

The development of computational models for predicting the behavior of 
structures subjected to impact loading requires the knowledge of constitutive 
relationships and failure criteria (i.e., _mechanical properties) of the 
constituent materials at the high strain-rates caused by impact. In particular 
for concrete structures one needs to know the effects of varying strain-rate 
on the properties of steel, concrete an~ the interface between them. 

Firstly, the report deals briefly with the strain-rate effects on the tensile 
behavior of reinforcing and prestressing steels. Then, available experimental 
results of strain-rate effects on concrete under tension, flexure compression 
and multiaxial stresses are presented; various material compositions and 
environmental effects are dealt with in detail. Some models proposed for 
the prediction of fracture strength dependence on strain-rate is presented 
next. Here, models with relevance to concrete such as the chemical reaction 
rate-process theory, stochastic theories and material inertia models are 
addressed. In addition, some proposed constitutive models for concrete, 
such as rheological models, porous media models and visco-plastic models 
are discussed. Finally, the properties of the concrete-reinforcement 
interface at high strain rates are summarized. 



A STRAIN RATE SENSITIVE 0.~GE MOl>EJ. FOR TilE BIAXIAL 
BEHAVIOUR OF CONCHl·:n: 

UN MODELE D'ENDOMM.4.GEMENT S'ENSIBLE Ml TAUX DE DEFORMATION, 
POUR L 'ETUDE DU COM?JRTEMEN'l' fl l 11XIAL DU BETON 

w. Suaris, Assistant Profess.:>r, UNIV~HSITY OF MIAMI, u.s.a. 
s. P. Shah, Professor of Civil Engineerin~, NORTHWESTERN UNIVERSITY, u.s.a. 

SID!MA.RY 

A constitutive model. based on the continuous damage concept is presented. 
Th~ continuous damage concept is well adapted to model the behaviour of con­
crete as the failure of concrete is accompanied by the growth of microcracks. 
The proposed continuous damage theory uses a vectorial representation for 
damage which is motivated by the flat nature of the microcracks. The consti­
tutive equations and the damage evolution equations are derived from the strain 
en. rgy function, in a thermodynamically consictent manner. The proposed model 
is calibrated by using experimental results in flexure and uniaxial com­
pression. The results of the model are then compared with available experi­
mental results on the biaxial behaviour of concrete. 

RESUME 

Nous presentous un mod~e de comportement, base sur le concept 
d'endo!l'lllagement continu. Le concept d'endonunngement continu est approprie pour 
modeliser le comportement du b~ton, etant donn6 que la rupture du beton donne 
lieu A la croissance de micro-fissures. La th~orie d'endommagement continu qui 
est proposee, fait appel ~ une repre~encation vectorielle de l'endommagement, 
representation qui est motivee par 1 aspect plat des micro-fissures. Les 
equations de comportement et les equ~tions d'~vulution de l'endommagement sont 
demontrees a parti~ de la fonction energie de deformation, et ceci, en accord 
avec la thermodynamique. Le modele propose est calibre A !'aide de resultats 
experimentaux en flexion et en compression uni~xiale. Enfin, les resultats 
du modele sant compar6s avec les donnees expcrirnentales disponibles sur le 
comportement biaxial du b6ton. 

w. Suaris, Department of Civil Engineering, University of Miami, Coral Gables, 
Florida, 33124, U.S.A. 

s. P. Shah, Department of Civil Engineering, Northwestern University, Evanston, 
Illinois, 60201, U.S.A. 



ABSTRACT 

CONCRETE AND FIBER REINFORCED CONCRETE SUBJECTED TO IMPACT LOAnrnG: Surendra P. 
Shah. Professor, Dept. of Civil Engineering, Nort.hwestl'rn University, fv;Jnston. 

IL 60201. 

Oesp1te its extensive use, low tensile strength has been recognized as one 
of the major drawbacks of concrete. Although one has learned to avoid exposin<J 
concrete structures to adverse stat tc tensn e load, these cannot he shielded from 
shc..rt duration dynamic tensile stresses. Such loads originate from sources such 
as impact from missiles and projectiles, wind gusts, earthquakes and machine vi­
brations. The need to accurately predict the structural response and reserve 
capacity under such loading has led to an interest in the mechanical properties 
of the component materials at high rates of straining. 

One method to improve the resistance of concrete ~lhen subjected to impact 
and/or impulsive loading is by the incorporation of randomly distributed short 
fibers. Concrete (or Mortar) so reinforced is tenncd fiber reinforced concrete 
(FRC). Moderat~ increase in tensile strength and significant increases in energy 
absorption (toughness or impact-resistance) have been reported by sever a 1 i nves­
t i 9ators in static tests on concrete reinforced wHh r<mdomly distrihutcd short 
steel fibers. Studies on the dynamic behavior of rnc are rather limited in com­
parison. Th1s. despite the fact that the most important property of such compos­
ites is its superior impact resistance. 

As yet no stan~ard test methods are dva i 1 ah l c to quantify the impact res is­
tance of suc:h composites, although several investigators have employed a variety 
of tests including drop weight. swinging pendulums and the detonation of explo­
sives. These tests though useful in ascertainin11 the relativ1~ merit~ of dif­
ferent composites do not yield basic material characteristics which can he u~ect 
for design. 

The author has recently developed an instrumented Charpy type of impact test 
to obtain basic: information such as lc~d-deflection relationship. fracture tough­
ness, crack velocity and load-strain history during an impact event. Fro1n this 
information, a damage based constitutive model was proposed. nelative improve­
ments in performance due to the addition of fibers as observed in the instru­
mented tests are also compared with other conventional methods. 

Surendra P. Shah 
Department of Civil Engineering 
Northwestern University 
2145 Sheridan Road 
Evanston. IL 60201 



APPLICATION OF FRACTURE MECHANICS TO CEMENTITIOUS COMPOSITES 

Prof. Surendra P. Shah 
Department of Civil F.ngineer1ng 
The Technological Institute 
Northwestern University 
Evanston, IL 60201 U.S.A. 

Portland cement concrete is a relatively brittle material. As a result, 
mechanical behavior of concrete, conventionally reinforced concrete, pre­
stressed concrete, and fiber reinforced concrete is critically influenced by 
crack propagation. It is, thus, not surprising that attempts are being made 
to apply the concepts of fracture mechanics to quantiti fy the resi stnce to 
cracking in cementitious composites. 

Many attempts have been made, in the last two decades or so, to apply the 
fracture mechanics concepts to cement, mortar, concrete and reinforced con­
crete. So far, these attempts have not led to a unique set of material param­
eters which can quantify the resistance of these cementi tious composites to 
fracture. No standard testing methods or a generally accepted theoretical 
analysis fs established for concrete as for metals. 

One of the primary reasons for this lack of success is that most of the 
past work is based on the concept -of 1 inear elastic fracture mechanics. lfow­
ever, it is increasingly being realized that because of the large-scale 
heterogeneity inherent in the microstructure of concrete, strain softening, 
microcracking and large scale process zone, the classical linear elastic (or 
the classical elastic-plastic) concepts must be significantly modified to pre­
dict crack propagation in concrete. More recently, researchers in many 
countries are beginning to explore, theoretically, numerically and experi­
mentally these hitherto unexplored aspects of nonlinearity associated with 
crack growth in cementitious composites as well as 1n ceramics and rocks. 

As a result of this increased understanding of fracture processes and 
better numerical and theoretical modeling, i~ is also beginning to be recog­
nized that use of nonlinear fracture mechanics can be advantageous in rational 
analysis of the behavior of concrete structures. Situations where fracture 
mechanics can be a useful tool include: impact and impulsive loading, dynamic 
shear fracture, some aspects of bond between reinforcement and concrete, and 
predictions of deflections and ductility. 

Crack gro~th in cement composites can be divided into subcritical and 
post-critical. Subcritical crack growth occurs prior to reaching the maximum 
(or critical) load and is often termed slow crack growth since it occurs with 
increasing loads. Partly a result of aggregates and fiber-bridging effects, 
crack growth is associated with nonlinear deformation. Recause of these non-
1 inear effects, it is not possible to use a single para1r.eter (for example, 
K1c) LEFM based criteria for cement based composites. In this paper, it is 
ooserved that the o~urrence of the critical load can be uniquely determined 
by two parameters: Kfc and CTODc are size independent. 

The effective crack model can be applied to either precracked or un­
cracked structures. It 1s shown that this model can correctly predict many 
heretofore observed phenomena such as size dependency on conventional Kic• 
modulus of rupture and uniaxial tensile strength. 
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PARAMETERS FOR CONSTITUTIVE MODELING 

Prof. Surendra P. Shah 
Department of Civil Engineering 
The Technological Institute 
Northwestern University 
Evanston, IL 60201 U.S.A. 

The baste infonnation required in design ~based on finite element 
calculations) for concrete structures is the multiaxial stress-strain 
relations of concrete, tensile stress-strain relation of steel (reinforcing 
rods or prestressing tendons) and the bond-slip behavior of the steel-concrete 
interface. The subject of this paper is to sullV11ari ze some of the current 
attempt at predicting multiaxial constitutive relationship of plain 
concrete. The paper is substantially based on the two extensive and excellent 
committee reports prepared by ASCE and CER. 

The following topics will be discussed: 

1) Uniaxial ~ehavior 
Compression 
Tension 
Cyclic Loading 

2) Strength of Concrete Subjected to ftt.lltiaxial Stresses 
Some Classical Failure Theories 
Some Recent Theories 

3) Constitutive Models 
Macroscopic Isotropic Postulates 
Secar.t vs. Incremental Laws 
Isotropic Nonlinear Elastic Models 
Orthotropic Models 
Plasticity Based Models 
Physically Motivated Models 

4) Continuous Damage Based Models 

An orthotropic model to predict the ascending and descending parts of the 
stress-strain curves of concrete subjected to hiax1al or triaxial compressive 
stresses is presented. The stress-induced orthotropic material properties are 
expressed in tenns of sh constants in the compliance matrix. The six ma­
terial constants are expressed as functions of stress invariants at ultimate 
strength. The proposed orthotropic constitutive model depends on the know­
ledge of the three principal stresses at the maximum strength, which are 
obtained through the use of a strength criterion (which is sensitive to all 
the three stress invariants). For predicting the ascending and descending 
parts of the mult1axial stress-strain curves, the six orthotropic material 
constants in the compliance matrix are continuously changed with the help of a 
"fracturing index" parameter. The proposed constitutive model compares fav­
oraoly with the available experimental data under multiaxial stresses • 
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ORTF.J'l'ROPIC MODEL FOR COMPLETE STRESS-STRAIN CURVES 
OF CONCRETE UNDER MULTIAXIAL STRESSES 

UN MODELE ORTHOTROPIQUE DE COURBES COMPLETES DE CONTRAINTES­
DEFOFJ.fATIOfllS DU BETON SOUS CONTRAINTES MULTIAXIALES 

s. H. AHMAD, Asst. Professor, North Carolina State University, u.s.a. 
s. P. SHAH, Professor, Northwesrern University, u.s.a. 

ABSTRACT 

An orthotropic model to predict the ascending and descending parts of the 
stress-strain curves of concrete subjected to biaxial or triaxial compressive 
stresses is presented. The stress-induced orthotropic material properties are 
expressed in terms of six constants in the compliance matrix. The .six material 
constants are expressed as functions of stress invariants at ultimate strength. 
The proposed orthotropic constitutive model depends on the knowledge of the three 
principal stresses at the maximum strength, which are obtained through the use of 
a strength criterion (w~ich is sensitive to all the three stress invariants.). 
For predicting the ascending and descending parts of the multiaxial stress-strain 
curves, the six orthotJ:opic material constants in the compliance matrix are con­
tinuously changed wit':l the help of a "fracturing index" parameter. The proposed 
constitutive model co.upares favorably with the available experimental data under 
multiaxial stresses. 

Nous ~r~sentons un modele orthotropique pour pr~dire les parties ascendante 
et descendante des courbes de contraintes-d~formations du b~ton soumis a des con­
traintes biaxiales ou triaxiales en ccmpression. Les proprietes orthotropiques 
du materiau, induites par les contraintes, sonc exprimees par 6 constantes 
dans la matrice de deformation unitaire. Les 6 constantes caract~ristiques du 
m.ateriau sont des fonctions des invariants de concraintes au niveau de contrainte 
maxi~um. Le modele de constitution orthotropique propose depend de la 
connaissance des 3 contraintes maximales au niveau de resistance maximale; 
elles sont obtenues a l'aide d'un crit~re de resistance du materiau, sensible 
aux 3 invariants de contraintes. Pour predire les parties ascendante et des­
cendante des courbes de contraintes multiaxiales et deformations, les 6 constantes 
orthotropiques du materiau dans la macrice de deformation unitaire sont modifiees 
de facon continue a l'aide d'un paramecre "index de rupture". Le modele con­
atitutif propose est en bon accord avec les resultats experimencaux disponibles 
en contraintes multiaxiales. 
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ABSTRACT 

A fracture mechanics based theoretical model is presented to predict the 

crack propagation resistance of fiber reinforced cement based composites. 

Mode I crack propagation and steel fibers are treated in the proposed model • 

The mechanism of fracture resistance for FRC can be separated as: subcritical 

crack growth in matrix and beginning of fiber bridging effect; post critical 

crack growth in matrix such that the net stress intensity factor due to the 

applied load and the fiber bridging closing stresses remain constant; and a 

final stage where the resistance to crack separation is provided exclusively 

by fibers. The response of FRC during all these stages was successfully 

predicted from the knowledge of matrix fracture properties and the pu11-out 

load vs. slip relationship of single fiber. Th'.! model was verified with the 

results of experiments conducted on notched-beam~ reported here as well as by 

other researchers. Beams were loaded in a closed-loop testing machine so as 

to maintain a constant rate of crack mouth opening displacement. 
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ABSTRACT 

Attempts to apply linear elastic fracture mechanics (LEFM) to concrete 

have been made for several years. Several investigators have reported that 

when fracture. toughness (K1c) 1s evaluated from notched specimens using 

conventional LEFM (measured peak load and initial notch length) a significant 

size effect is observed. This size effect has been attributed to nonlinear 

s 1 ow crack growth occuri ng prior to the peak 1 oad. In this paper a two 

parameter fracture model is proposed to includP this nonl 1near slow crack 

growth. Critical stress intensity factor (Kie> is calcualted at the tip of 

the effective crack. The critical effective crack extension is dictated by 

the elasti_c critical crack tip opening displacement {Cron,). Tests on notched 

beam specimens showed that the proposed fracture criteria to be size-

independent. 

The proposed model can be used to calculate the maximum load (for Mode I 

failure) of a structure of an arbitrary geometry. The validity of tne model 

is demonstrated by an accurate simulation of the experimentally observed 

results of tension and beam tests. 

Key Words: LEFM, critical stress intensity factor, critical crack tip opening 

displacement, effective crack, slow crack growth, size effect, uniaxial 

tensile strength, modulus of rupture. 
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