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FACTORS AFFECTING DETERIORATION OF TRANSVERSE 

CRACKS IN JOINTED REINFORCED CONCRETE PAVEMENTS 

By 

Mark B. Snyderl and Zafar I. Raja2 

ABSTRACT 

Jointed Reinforced Concrete Pavement (JRCP) develops 

transverse cracks as the drying and thermal shrinkage of the 

concrete is resisted by friction with the supporting layers. 

These cracks deteriorate with time and traffic due to loss of 

aggregate-interlock load transfer capacity. However, rapid 

deterioration of these cracks has been observed on some 

recently-constructed projects in Michigan. This rapid crack 

deterioration leads to accelerated maintenance requirements and 

shortened service lives. 

This research report describes the first year of a 

laboratory investigation to determine the relative effects of a 

few selected factors (coarse aggregate type, gradation, and 

treatment) on transverse crack deterioration in JRCP. The work 

described herein focused on the development, execution, 

collection and analysis of load transfer data from the testing 

of a series of large-scale pavement test specimens that were 

lprincipal Investigator: Assistant Professor, Department of Ci.,;ril and 

Environmental Engineering, Michigan State University, A349 Engineering 

Building, East Lansing, MI 48824-1226. 

2Associate Investigator: Graduate Research Assistant, Department of Civil and 

Environmental Engineering, Michigan State University, A349 Engineering 

Buildina. East Lansina. MI 48824-1226. 
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subjected to repeated applications of loads simulating the 

passage of heavy truck traffic. 

Test results indicate that slabs cast using crushed 

limestone and natural gravel graded to meet Michigan Department 

of Transportation (MDOT) specification 6A (1. 5 in. [ 4 em] top 

size, coarser gradation) perform comparably while specimens cast 

using similarly graded slag deteriorate much more rapidly. The 

use of more finely graded gravels meeting MDOT specification 17A 

(1. 0 in. [2. 5 em] top size, finer gradation) resulted in a 
(t 

performance only slightly worse th'l!n that of the larger gravel. 

Finally, specimens using 100% recycled gravel concrete (6A 

Gradation) or a blend of recycled gravel concrete (6A Gradation) 

and large crushed limestone (MDOT Gradation 4A: 2.5 in. [6 em] 

top size) performed only slightly better than the slag specimen. 

Test results also suggest that the amount of temperature steel 

currently used in Michigan JRCP (0.17% by area of concrete) may 

be insufficient to endure the combined effects of repeated truck 

traffic and environmental loads. 

:INTRODUCTION 

Jointed reinforced concrete pavement (JRCP) typically 

develops transverse cracks over the first several years of its 

service life as contractions of the slab (caused by combinations 

of drying and thermal shrinkage) are restrained by friction 

between the slab and supporting layers. Transverse cracks may 

also be initiated by combinations of curling, warping, and 
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load-related stresses. Most JRCP designs rely on aggregate or 

grain interlock to transfer shear loads across these cracks. The 

loss of aggregate interlock due to opening of these cracks 

permits increased slab deflections, and may be accompanied by 

the infiltration of water and the intrusion of incompressibles 

into the cracks. These, in turn, lead to pumping and crack 

deterioration through faulting and spalling. Continued pumping 

eventually leads to a loss of slab support, which greatly 

increases load-related stresses in the slab and can result in 

fatigue cracking. Thus, transverse cracks must exhibit good 

long-term load transfer characteristics to minimize the 

development and severity of the distresses described above. 

This research report describes a portion of a laboratory 

investigation to determine the effects of a few selected factors 

on JRCP transverse crack performance. The research program 

included development and execution of a laboratory experiment 

involving the collection and analysis of load transfer data from 

the testing of a series of large-scale pavement test specimens 

that were subjected to repeated applications of loads simulating 

the passage of heavy truck traffic. 

BACKGROUND 

The Michigan Department of Transportation (MDOT} has 

reconstructed several major Interstate projects (using recycled 

concrete as aggregates} since 1983 [1]. It was recently observed 

that some of these newer JRCP were exhibiting rapid transverse 
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crack deterioration (spalling and faulting), which may lead to 

increased maintenance requirements and shortened service lives. 

A preliminary evaluation of the causes of deterioration of these 

cracks suggested that the use of small-sized recycled concrete 

aggregates might be a major contributor to the crack 

deterioration [2]. 

Tests of the gravel used in the original construction had 

shown it to have poor freeze-thaw durability. In order to 

improve the durability of the new pavement sections, the coarse 

aggregate produced by recycling old pavement sections was 

crushed to a smaller top size (1.0 in. [2.5 em] or less, in 

accordance with MDOT gradation 17A). This course of action was 

chosen in accordance with the concept that the propensity of an 

aggregate to manifest durability-related distress is diminished 

by reducing its average particle size. However, reduction in 

coarse aggregate top size may adversely affect the aggregate 

interlock load transfer characteristics of the crack faces. 

Moreover, coarse aggregates produced by recycling concrete may 

also exhibit very different bonding characteristics with cement 

paste due to local variations in the water-cement ratio caused 

by the non-uniform (and sometimes high) moisture absorption 

characteristics of these aggregates. Thus, these aggregates may 

fracture differently (and more readily) than virgin aggregates, 

producing unusual crack face textures. This theory may help 

explain why cores taken by MDOT at cracks along some of the 

previously described prematurely damaged projects have shown\ 
very straight vertical crack faces with very little roughness or 
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meander. 

In addition to above factors, a large number of other 

factors have been identified which may have an impact on the 

rate of deterioration of transverse cracks in JRCP [3,4]. 

However, the scope of the first year of this study was limited 

to include only coarse aggregate-related factors due to 

financial and time restraints. Discussions with MDOT researchers 

suggested consideration of the variables and test levels shown 

in table 1. 

Table 1: Laboratory Study Factors 

Variable 

Test Level 

1 2 3 

CA Type Gravel Limestone Slag 

CA Gradation 6A 17A -

CA Treatment Virgin 
Recycle 

Blend 

100% 

Recycled 

Notes: 1. 6A gradation - (1.5 in. [4 em] top size, coarser 

gradation) 

2. l.7A gradation - (1. 0 in. [2.5 em] top size, finer 

gradation) 

3. Recycle blend - 50-50 blend of 6A recycled gravel 

concrete with 4A (2 .5 in. [6 em] top size) crushed 

limestone 
[ 

I 4. l.OO% recycled gravel concrete - graded to meet MOOT 

6A specification
I.' 
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A full-factorial, unreplicated experimental design using 

these variables and test levels would require 18 test specimens. 

Since it was desirable to obtain preliminary measures of the 

main effects of these variables as quickly as possible, it was 

decided that this work effort should focus on a few selected 

cells. An unreplicated comparative experiment was designed for 

laboratory testing to provide an indication of the three main 

effects of the variables described above (figures 1-3). , 

TEST EQUIPMENT 

For this research it was necessary to develop equipment to 

apply repetitive loads of known magnitude across a transverse 

crack in a manner closely simulating field loading conditions. A 

test setup was developed similar to the apparatus used in the 

joint load transfer research conducted by Teller and Cashell in 

the 1950's (5], Colley and Humphrey in the 1960's [6], Ball and 

Childs, and Ciolko and Colley in the 1970's (7,8] The test 

stand (shown in figure 4) consists of three basic components 

and is described below: 

Test Specimen Loading System 

The test stand allows the application of a known repetitive 

load profile to the test specimen. This is accomplished using a 
. I 

.I pair of hydraulic actuators (11-kip (5000-kg] capacity) which 

react against a structural steel frame (see figure 5). The load 
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MATRIX A 

CA 

TYPE 

GRAVEL X 

LIMESTONE X 

SLAG X 

i'
Notes: 1. X = Test cell being tested under matrix A i·.: 

2. All coarse aggregates conform to MOOT 

gradation 6A 

3. Foundation modulus = 100 psi/in. 

4. Slab tension = 3500 lb/ft width [51 KN/m 

width] (modelling an assumed coefficient of 

friction= 1.5, slab length= 41 ft. [12.5 

m], crack face depth= 9 in. [23 em]) 

5. Longitudinal steel= 0.17% by area of 

concrete 

.. · \ 

Fiaure 1: Test Matrix A 
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MATRIX B 

CA 
6A A 

GRADATION 
17A X 

Notes: 1. A = Test cell first fil.l.ed in matrix A 

2. X = Test cel.l. being tested under matrix B 

3. Foundation modul.us = 100 psi/in. 

4. Sl.ab tension = 3500 l.b/ft width [51 KN/m 

width] (coefficient of friction = 1.5, sl.ab 

l.ength =41ft. [12.5 m], crack face depth= 

9 in. [23 em]) 

5. Longitudinal. steel. = 0.17% by area of 

concrete 

Figure 2: Test Matrix B 

https://modul.us
https://fil.l.ed
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MATRIX C 

CA 

TREATMENT 

VIRGIN A 

X 

. 

RECYCLE 

BLEND 

100% 

RECYCLED 
X 

Notes: 1. A = Test cell first filled in matrix A 

2. X = Test cell being tested under matrix C 

3. Foundation modulus = 100 psi/in. 

4. Slab tension= 3500 lb/ft width [51 KN/m 

width] (coefficient of friction= 1.5, slab 

length= 41ft. [12.5 m], crack face depth= 

9 in. [23 em]) 

5. Longitudinal steel = 0.17% by area of 

concrete 

Figure 3: Test Matrix C 
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Figure 4: Test Stand 
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' 1 

' 

'I 
1 
I 
I 

Figure 5: Test Specimen Loading System 
I 

..I 
i 
I 

. . J 

·_1 

Figure 6: Test Specimen Tensioning System 
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is transmitted to the test specimen by a pair of 12 in. [30 em] 

diameter, 1.0 in. [2.54 em] thick steel plates, each resting on 

a 1/4 in. [5/8 em] contact rubber pad. The plates are positioned 

on each side of the crack with their centers 7 in. [18 em] from 

the crack and 18 in. [ 4 6 em] from the slab edge. 

Test Specimen Tensioning System 

The test stand allows the slabs to be placed in tension 

prior to and during testing to simulate the effects of 

resistance to thermal and drying shrinkage and restraint caused 

by improperly functioning load transfer dowel bars at transverse 

joints in the field. To induce tension, two steel rods with 

threaded ends anchored in each end of the slab are connected 

through threaded couplings to crossplates at the end columns 

(see figure 6) . Tightening the nuts on the threaded ends places 

the slab in tension; this tension is carried through steel at 

the transverse crack. This system also helps to reduce movement 

of the slabs under dynamic loads and helps to simulate the 

continuity of longer slabs in the field. 

Test Specimen Sqpport System 

The test stand provides approximately uniform support for 

the specimen through the use of an artificial foundation 

(neoprene vibration isolation padding) resting on a steel plate 

which is supported by structural steel sections. The steel 
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sections are connected to the reaction frame in such a way that 

the test frame absorbs the simulated truck loadings in tension 

In addition, test specimen casting frames, a handling frame 

(for transporting the large slabs in the laboratory), and a 

cracking frame (for inducing transverse cracks in the specimens) 

were designed, fabricated, and erected for this research work. 

LOAD SIMULATION 

Loading due to Truck Traffic 

The hydraulic actuators were programmed to apply a sequence 

of load pulses to rubber contact pads (simulating 12 in. [30 em] 

tire imprint areas) on the approach and leave sides of the crack 

to simulate field loading conditions for the outer wheel path of 

a highway pavement. The maximum applied load was 9000 lbs [40 

KN] (one-half of a standard 18000-lb [80 KN] single-axle load). 

Throughout repetitive loading, a minimum static load of 500 lbs 

[2.3 KN] was applied through each actuator to maintain contact 

between the load plates and the slab throughout the test 

program. 

A composite sinusoidal load profile was generated (using MTS 

T/RAC software) to simulate a wheel crossing the crack at 55 mph 

[88 km/hr] (figure 7) . To simulate a wheel approaching a crack, 

the load applied to the the approach side is increased from the 

static load to the peak dynamic load in 0.0125 seconds. The load 

on the approach side is then reduced to the static load while 



14 

Cross-Over Time 

9000 

Approach- Leave-Side 

• Load
.Q 

~ 

Ill Side 
.-! Load~ 

'tl 
nS 

..:1 
0 

500 

.175 .... 012i- ... 012~ 

Time (sec) 

Not tg Sgale 

Note: 1 lb = 0.4536 kg 

Figure 7: Load Profile 
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the load on the departure side is simultaneously increased from 

the static load to the peak dynamic load in 0.0125 seconds. This 

cross-over interval of 0.0125 second would permit a tire making 

a 12 in. [30 em] imprint and travelling 55 mph [88 km/hr] to 

move completely across the crack. To simulate a wheel moving 

away from the crack, the load on the departure side is reduced 

to the static load in 0.0125 second while the approach load is 

held at the static load. The static load is then maintained for 

0.175 second before the cycle is repeated. Thus, one full load 

cycle takes 0.2 second, resulting in a load application 

frequency of 5 Hz. This allows the application of 432,000 load 

cycles per day. 

Loading due to Enyironment 

Each test specimen is placed in tension just prior to 

testing to simulate the effects of foundation frictional 

resistance to thermal and drying shrinkage and restraint caused 

by improperly functioning load transfer dowel bars at transverse 

joints in the field. This slab tension may open the transverse 

cracks, exacerbating the effects of repeated heavy loads. The 

amount of tension was computed from subgrade drag theory for an 

assumed coefficient of frictional resistance of 1.5 and for a 9 

in. [23 em] slab measuring 41 ft [12.5 m] in length by 4.5 ft 

[1.4 m] wide. A tension. of approximately 16000 lbs [71.3 KN] 

(3500 lbs/ft width) [51 KN/m width] was induced in the test 

specimens by adjusting the two tensioning bars embedded in each 

.i 



16 

test specimen and monitoring tension bar strain with the strain 

gages. 

INSTRUMENTATION AND DATA COLLECTION 

Test specimens were instrumented for measurements of crack 

openings, deflections under loading, and tensile strains 

(tensioning) . Instrument locations are shown in figure 8. Gage 

plugs and a vernier caliper were used to monitor crack openings. 

Linearly variable deflection transducers (LVDT's) were used for 

measuring deflections on either side of the crack. General 

purpose CEA-series strain gages were used to measure strain in 

the tensioning bars, thereby monitoring the amount of tension in 

the specimen. 

All testing and data collection operations were controlled 

using a 286-based personal computer equipped with a data 

acquisition system (Metrabyte I/0 board and Labtech Notebook 

software) . This system was connected directly to the hydraulic 

actuator control panel (MTS T/RAC controller) and signal 

conditioners. The arrangement, shown in figure 9, allowed the 

coordinated control of both hydraulic actuators, as well as the 

collection of load data from both actuators and deflection data 

from two external LVDT' s. The load and deflection data were 

collected following the completion of 1, 2000, 5000, 10000, 

20000, 50000, 100000, 300000, 600000, 900000, and 1500000 load 

applications. Each data collection channel was sampled 250 times 

per load cycle (about 1 sample per channel every 0.0008 
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APPROACH SIDE LEAVE SIDE 

TRANSVERSE 
CRACK 

LVDT 

4.5' 
12" DIAMETER 
LOAD PLATE 

18" 

CRACK 

10' 

STRAIN GAGES 
AGE PLUG FOR FOR MONITORING
ONITORING SLAB TENSION 
PENINGS 

':) 

Note: 1 in= 2.54 em 

1 ft = 0.3048 m 

Figure 8: Test Specimen Instrumentation 
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286-PC 

Command 

optimization 

LVDT Signal 

Conditioners 

T/RAC Controller 

Generation and Feedback 

Unit 

Analog 

Servocontrollers 

..'. ' 

i-_·! 

i 

LVDT'S HYDRAULIC ACTUATORS 

' ' : i 
i 
J 

Figure 9: Test Control and Data Acquisition Setup 
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seconds}. Each data collection stage lasted one second (5 load 

cycles}. This sampling rate and stage duration provided 

sufficiently close data points for plotting smooth curves and 

identifying peak loads and deflections (see APPENDIX A} . In this 

report, unless otherwise noted, all data pertaining to loads and 

relative deflections are based on the average of 5 sets of 

measurements. 

TEST MATERIALS 

Artificial Foundation 

Each test specimen was provided approximately uniform 

support through the use of an artificial foundation (FABCEL 

vibration isolation padding rated at specific "k" values} . Since 

it is difficult to reproduce foundation properties accurately 

and consistently using real granular materials and this can 

introduce variability in test results, it was decided to use 

artificial material for the foundation support. FABCEL is a high 

quality neoprene, molded into scientifically designed pads 

measuring 18" x 18" x 5/16" [46 em x 46 em x 3/4 em]. The pad 

surfaces have molded recessed offset-cells to allow the neoprene 

to deform under load while maintaining lateral stability. 

Desired levels of foundation support are achieved by providing 

various thickness and type combinations of these pads. Three 

layers of FABCEL-25 were used to provide a foundation with a>i 

simulated modulus of subgrade reaction of approximately 100 
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psi/in [27 Kpa/m] under the entire test specimen. 

Portland Cement Concrete Slabs 

The test specimens were PCC slabs measuring approximately 10 

ft [12.5 m] long by 4.5 ft [1.4 m] wide and 9 in. [23 em] thick 

at the crack. The cracks were of the plane-of-weakness type 

where load transfer is achieved solely by aggregate interlock. 

Each specimen contained 8 ft x 4 ft [2.8 m x 1.2 m] of smooth 

steel wire mesh reinforcment (0.17% by area of concrete 

longitudinally) placed 3 in. [7. 5 em] below the slab surface. 

This reinforcment was typical of the size, quantity and type 

used in Michigan JRCP construction. 

The.test program required the design of six concrete mixes. 

Mix designs provided by MDOT (mortar voids method of 

proportioning) were used as a starting point for trial hatching 

to reach a final mix design (target slump 2-3 inches, air 

content 6-7 percent) . Type I portland cement was used in each 

mix (cement factor of approximately six sacks per cubic yard of 

concrete) . Air entrainment was provided through the addition of 

Microair air-entraining admixture. Table 2 shows the mix 

characteristics and other properties of the test specimens. 

Figure 10 shows the average age-strength relationship of 

compression cylinders cast from the same mixes as the six test 

specimens. 

Three types of virgin coarse aggregates were used in the 

concrete. One was natural gravel with rounded particles and 
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Tab1e 2·. Mix Characteristics and Concrete Properties 

Test Specimens 

Mix Proportions 

(oven-dry weights) 

pA:FA:WATER:CEMENT 

Entrained 

Air 

% 

Compressive 

Strength 

(28-days) 

psi 

6A Virgin Gravel 

6A Virgin Limestone 

6A Virgin Slag 

17A Virgin Gravel 

100% Recycled 

so-so Recycle Blend 

1966:1079:23S:SS4 

1817:1240:24S:S60 

1808:1297:30S:744 

1878:1163:283:S48 

1SS9:1209:263:S23 

1682:1137:272:S4S 

6.4 

S.4 

6.7 

6.0 

6.7 

6.7 

S681 

S29S 

S9S4 

4294 

4780 

S3S2 

Tab1e 3: Physica1 Characteristics of Concrete Aggregates 

AGGREGATE 
SPECIFIC 

GRAVITY 

~BSORI?TION ( 24hr) 

PERCENT 

Sand 

6A Virgin Gravel 

4A/6A Virgin 
Limestone 

6A Virgin Slag 

17A Virgin Gravel 

100% 6A Recycled 
Gravel 

50-50 Recycle Blend 

2.62 

2.61 

2.60 

2.41 

2.61 

2.40 

2.50 

2.20 

0.90 

0.66 

3.71 

0.90 

4.66 

2.92 
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smooth surfaces. The second aggregate was crushed limestone with 

angular edges and relatively rough surfaces. The third type was 

slag with rounded particles and rough surfaces. Physical 

characteristics of the three aggregates are shown in table 3. 

Two different coarse aggregate gradations were used, 

designated as MDOT specification 6A (1. 5 in. [ 4 em] top size, 

coarser gradation) and MDOT specification 1 7A (1. 0 in. [2. 5 em] 

top size, finer gradation). The grading requirements for these 

designations along with actual gradations of the materials are 

given in tables 4 and 5. Test specimens incorporating recycled 

concrete were produced by breaking and crushing slabs cast using 

6A gravel in commercial crushers, and then sieving, grading and 

reblending this recycled material for use in test specimens. The 

100% recycled test specimen was graded to meet MDOT 

specification 6A. The 50-50 recycled blend specimen contained 

.,l coarse aggregate composed of a blend of 50% (by weight) recycled 
! I 

gravel concrete graded to meet MDOT specification 6A and 50% 

virgin crushed limestone graded to meet MDOT specification 4A 

(2. 5 in. [ 6 em] top size) . The 4A gradation requirements and 

actual 4A material gradation are presented in table 6. 

TEST PROCEDURES 

Casting 

The concrete was mixed under careful laboratory control. 

First the coarse aggregates were sieved and blended (as 
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Table 4: Coarse Aggregate Gradation of 6A Materials 

SIEVE TOTAL PERCENT PASSING 

SIZE 
6A 

Spec 

6A 

Limestone 

6A 

Gravel 

6A 

Slag 

6A 

Recyclec 

1.5 in 

1.0 in 

1/2 in 

No. 4 

100% 

95-100% 

30-60% 

0-8% 

100 

98 

38* 

2 

100 

98 

38 

4 

100 

100 

60 

2 

100 

97 

42 

4 

Note: *Gradation test run in the lab show only 16% 

passing 1/2 in sieve for 6A crushed Limestone 

Table 5: Coarse Aggregate Gradation of 17A Material 

SIEVE TOTAL PERCENT PASSING 

SIZE 
17A 17A 

Spec gravel. 

1.0 in 100% 100% 

3/4 in 90-100% 100% 

1/2 in 50-75% 56% 

No. 4 0-8% 6% 
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Table 6: Coarse Aggregate Gradation of 4A Material 

SIEVE TOTAL PERCENT PASSING 

SIZE 
4A 

Spec 

4A 

Limestone 

2.5 in 

2.0 in 

1.5 in 

1.0 in 

1/2 in 

3/8 in 

100% 

95-100% 

65-90% 

10-40% 

0-20% 

0-5% 

82 

47 

9 

2 

-

-
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required) to meet the appropriate gradation requirements. Then 

the coarse and fine aggregates were left in the laboratory to 

air dry. Tests were run to determine coarse and fine aggregate 

absorption capacities, unit weights and moisture contents. Trial 

batches were made to develop a final mix design for each test 

specimen. Prior to actual mixing, moisture contents of the 

aggregates were again determined to adjust the mix water. 

The size of the test specimens and the capacity of the 

available drum mixers required mixing the concrete in a 

continuous stream of small batches to prevent the formation of 

cold joints. For each batch, one-half of coarse aggregates, fine 

aggregates and water were blended first, followed by the 

addition of cement, the remaining one-half of the water (with 

air-entraining admixture), coarse aggregates and fine 

aggregates. The mixer was operated for five minutes after the 

addition of the final component. 

Concrete was hauled to the structural steel form in wheel 

barrows, where it was consolidated with a shaft-type vibrator. 

Each specimen was cast according to a schedule that generally 

*The first two specimens (6A gravel and 6A limestone) were tested at 55 days 

and 52 days, respectively due to difficulties in getting the test program to 

operate properly. According to Troxell, Davis and Kelly (16] concrete made 

with 1.5 in. [4 em] aggregates; 6 sacks cement per cu yd; and cured under 

standard conditions typically experiences a 9 percent gain in compressive 

strength between 28 and 55 days of curing. Thus, these specimens could have 

gained another 500 psi in compressive strength. However, actual increase in 

strength is expected to be less than this because of exposure to air after 

28-davs which mav retard the hvdration orocess due to drvina. 
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allowed testing to begin after 28 days of curing*. Specimens 

were cured in the laboratory under polyethelene sheets. 

Cracking 

The transverse crack was forced near midslab after 

approximately 18 hrs. of curing. A removable metal joint insert 

(1/4 in. x 1 in. [5/8 em x 2.5 em] tall) was used at the bottom 

of the 10 in. [25 em] slab to form a plane-of-weakness at the 

midslab. The slab was cracked full-depth along the weakened 

plane by jacking one-half of the slab and frame while clamping 

the other half to the cracking frame. A hinge mounted on top of 

the casting frame assured a tensile mode of fracture. 

Loading 

After 28 days of curing, each test specimen was moved to the 

test stand while still in the structural channel casting form, 

which was equipped with lifting loops. The slabs were held 

securely in the form during cracking and transportation by short 

steel studs, which were welded to the insides of the form around 

its perimeter. After each specimen was placed and centered on 

the test stand, the casting form was removed. This procedure 

ensured that the temperature steel was not over stressed prior 

to loading. 

Tension was induced in the specimens as described 

previously. LVDT's were then set to zero, the data acquisition 
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system was initialized, and the repetitive loading was begun. 

Load-deflection data were collected at the intervals 

described earlier. Each test was run until the temperature steel 

ruptured (see figure 11) . During the test, applied loads and 

slab tension were monitored and adjusted as needed. 

TEST RESULTS 

The ability of transverse cracks to transfer load is a major 

factor in the structural performance of the crack and the 

surrounding slab fragments. In this study, the ability to 

transfer load was evaluated by comparing the deflections of the 

two slab fragments using the definition presented below: 

%LTE (Eq. 1) 

where 

%LTE percent load transfer efficiency 

deflection of unloaded side of the crack 

deflection of the loaded side of the crack 

Note that in the above formula, the maximum load transfer 

that can be achieved is 100%. This is obtained when the two 

sides deflect an equal amount. On the other extreme, if the two 

sides move with complete independence, the load transfer 

efficiency would be zero. 
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Figure 11: A View of a Failed Specimen 
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Effect of T~pe of Coarse Aggregate 

The effect of type of coarse aggregate on aggregate 

interlock load transfer characteristics of transverse cracks was 

studied by comparing the performance of three test specimens, 

each containing a different type of coarse aggregate meeting the 

MDOT 6A gradation specifications. The three types of aggregates 

used were crushed limestone, gravel and slag. Figure 12 

summarizes some of the test results for these materials. 

Detailed results are presented in the APPENDIX. 

The resultB show that specimens containing crushed limestone 

and gravel coarse aggregates started with and retained higher 

load transfer efficiencies than the specimen containing slag 

coarse aggregate. This difference in performance is probably due 

to the different textures of the crack faces of these specimens, 

as illustrated in figure 13. It is seen that the specimens 

containing crushed limestone and gravel have rougher crack faces 

(more large protrusions and macrotexture) than the specimen 

containing slag. This is due to the fact that slag aggregate 

apparently fractured at the time of crack development, whereas 

limestone and gravel pulled out through the loss of bond, thus 

resulting in rougher crack faces. 

It is possible that the test results are biased due to 

differences in the three coarse aggregate gradations. Table 4 

indicates that, although all three materials meet the 

requirements of MDOT gradation designation 6A, the slag is 

somewhat finer than either the limestone or gravel. It is also· 
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Figure 12: Effect of Coarse Aggregate Type on the 

Relation Between LTE% and Number of Load Cycles 
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possible that the results were affected by the slight 

differences in mix designs and strengths between the three test 

slabs (see table 2) However, it seems most likely that the 

observed differences in performance (endurance of load transfer 

efficiency) are mainly due to differences in the crack face 

texture (see figure 13) and coarse aggregate particle strengths. 

The highly porous slag particles were obviously of lower 

strength and produced crack faces with little macrotexture. 

These conclusions should be verified in future tests through the 

use of more comparably graded aggregates and identical curing 

conditions for each specimen. 

Figure 14 shows the approach side peak deflections of the 

three test specimens after repeated loading. The crushed 

limestone specimen exhibited lower deflections than the gravel 

or slag at all times. Similarly, the gravel generally performed 

better than the slag. Although the temperature reinforcement 

eventually ruptured in all three cases, the crushed limestone 

concrete was able to endure a significantly higher number of 

load repetitions than the other two specimens. This better 

endurance is probably due at least in part to the relatively low 

deflections that are attributable to the angularity of the 

crushed particles, which increase the sliding resistance of the 

crack faces. 

Effect of Gradation of Coarse Aggregate 

The effect of coarse aggregate gradation on load transfer 

.I 
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characteristics of transverse cracks was studied by comparing 

the results of two specimens, one cast using coarsely graded 

gravel (6A Gradation: 1.5 in. [4 em] top size) and the other 

cast using more finely graded gravel (17A Gradation: 1.0 in. 

[2.5 em] top size). The test results are summarized in figure 15 

(detailed results are presented in the Appendix) . The results 

show that for initial loading cycles (up to 20,000 cycles) both 

test specimens performed comparably. As the number of load 

cycles increased, the load transfer efficiency of the 17A gravel 

test specimen dropped slightly. This is probably due to the 

small size of coarse aggregates which, after initial attrition 

or abrasion of the crack faces, requires a larger vertical 

displacement of the two slab fragments to make a contact and 

transfer load. However, this increase in looseness was not large 

enough to produce immediate failure, as evidenced by the fact 

. :j that the 17A gravel test specimen was able to endure a number of 

load cycles comparable to that of the 6A gravel test specimen 

before the steel reinforcement eventually ruptured. 

:_ 'j Effect of Treatment of Coarse Aggregate 

The effect of treatment of coarse aggregate on aggregate 

interlock load transfer characteristics of transverse cracks was 

studied by comparing the performance of three test specimens, 

each containing a different treatment of coarse aggregate. The 

three treatments of aggregates included virgin gravel aggregates 

(MDOT gradation 6A), 100% recycled gravel concrete aggregates 



I ------

36 

' ) 

-:\ 
.-: ,_ I 

' \ 

--\ 

Load Transfer Efficiency (%) 
100,-----------------------------------~ 

80 

60 

40 

20 

OL___________L_ ________~__________L_ 

0 300 600 900 

Thousands of Load Cycles 

D 6A VIRGIN GRAVEL X 17A VIRGIN GRAVEL 

Figure 15: Effect of Coarse Aggregate Gradation on the 

Rel.ation Between LTE% and Number of Load Cycl.es 



37 

(MDOT gradation 6A), and a 50-50 blend of recycled gravel 

concrete (MDOT gradation 6A) and large virgin limestone (MDOT 

gradation 4A) aggregates. Figure 16 summarizes the test results 

of these treatments (details are presented in the Appendix) . 

The results show that the specimen containing virgin coarse 

aggregates performed considerably better than the other two test 

specimens which contained recycled concrete as coarse 

aggregates. The examination of the crack faces of the 100% 

recycled specimen revealed that very few pull outs of aggregate 

particles existed (see figure 17). The reason for this condition 

is probably related to the mode of fracture of recycled concrete 

aggregates. Coarse aggregates produced by recycling concrete 

consist of two materials (i.e., cement mortar and original 

aggregate) bonded together. At the time of crack development, 

recycled concrete aggregates apparently often fracture at the 

old bond interface, thus resulting in the above condition. 

Furthermore, the use of comparable quantities of recycled 

aggregate results in nearly a 50% reduction in the actual number 

of virgin coarse aggregate particles in the mix. If the shear 

transfer characteristics of the slab depend upon the number and 

quality of virgin aggregate particles at the crack interface, it 

stands to reason that concrete utilizing only recycled concrete 

aggregates may fare poorly. 

The unexpected poor performance of 50-50 recycle blend 

specimen may also be attributable to a reduction in the number 

of virgin aggregate particles at the crack face (see figure 18). 

Not only are there fewer virgin particles present because of the 
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Figure 17: Exposed Crack Face of 100% Recycled Gravel 

Concrete Specimen After Loading 

Figure 18: Exposed Crack Face of 50-50 Recycled Blend 

Specimen After Loading 
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use of recycled concrete materials, but the use of an equal 

weight of large aggregate also results in a smaller number of 

particles (although the few that are present are large enough to 

provide significant interlock for some time) . The distribution 

of particles that protrude from the crack face can be fairly 

widespread, as seen in figure 18. 

It should also be noted that during transportation of this 

specimen (50-50 recycle blend) from the cracking frame to the 

test stand, one of the lifting ropes broke, causing one end of 

the specimen to drop a distance of about 2 in. [5 em]. This may 

have contributed to the observed performance since initial load 

transfer efficiency of this specimen was also low compared to 

all other specimens except one (6A virgin slag). 

It is recommended that this test cell (50-50 recycle blend) 

should be replicated in future tests to determine whether the 

observed results were caused by the accidental handling or were 

truly indicative of the performance of this mixture. 

CONCLUSIONS, FINDINGS AND RECOMMENDATIONS 

The following primary conclusions were drawn from the 

results of this laboratory study: 

1. When the type of coarse aggregate (gravel, limestone or slag) 

was varied while holding all other variables approximately 

constant, load transfer efficiency and endurance was 

significantly higher for 6A limestone and 6A gravel than for 6A 

slag. 
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2. When all other variables were held constant, transverse crack 

load transfer efficiency and endurance decreased (but only 

slightly) when the coarse aggregate gradation was changed from 

6A (1 in. nominal top size) to 17A (3/4 in. nominal top size) 

3. The use of 100% recycled 6A gravel concrete as coarse 

aggregates decreased the load transfer efficiency and endurance 

considerably as compared to concrete made using virgin 6A 

gravel. 

-; 
-

1 
:· 4. The use of the blend of 50% virgin 4A (2 in. nominal top 

size) limestone and 50% recycled 6A gravel concrete as coarse 

aggregate decreased the load transfer efficiency and endurance 

considerably as compared to concrete made using virgin 6A 

gravel. 

Other related findings and recommendations are summarized 

below: 

1. Aggregate interlock load transfer efficiency of reinforced 

transverse cracks decreases with increasing load cycle 

applications. It was observed that load transfer efficiency 

(LTE) typically drops by 3 to 8 percent during initial load 

cycle applications (5000 load cycles or fewer); LTE then 

typically remains approximately constant until the longitudinal 

steel begins to yield, after which it drops sharply. 

2. The aggregate interlock load transfer capacity of transverse 

cracks is related to the texture of ~he crack face. The crack 

face texture is primarily a function of the type, size, and 

number of coarse aggregate particles at the crack face and the 

mode of fracture. It was observed that specimens in which crack 
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developed around the aggregate (i.e., virgin crushed stone and 

virgin gravel) developed higher initial load transfer 

efficiencies and were able to maintain this higher level over a 

considerably larger number of load cycles than specimens in 

which the crack developed through the aggregate (i.e., virgin 

slag and recycled aggregates). 

3. Although the unexpected poor performance of the 50-50 recycle 

blend (6A recycled gravel concrete with 4A virgin limestone) 

concrete might be due to inadequate numbers of virgin coarse 

aggregate particles at the crack face or due to slab handling 

difficulties, there is enough concern about the results of this 

particular specimen to recommend replicating the test in future 

experimentation. 

4. One of the unexpected findings of this study is the 

relatively early rupture of steel in all six test specimens. 

Although this laboratory test is rigorous in nature in that each 

test specimen is under adverse loading conditions (i.e., 

combined tension and shear) constantly, it is possible that 

current longitudinal steel quantities (0.17% percent by area of 

concrete) are inadequate for the combined tension and shear 

loading conditions encountered in the field. Further testing 

should include variations of steel quantities. 

5. Several other factors are likely to affect transverse crack 

performance. These include variations in slab tension, type of 

steel reinforcement (smooth wire vs deformed wire), and 

foundation support. These factors should also be considered in 

future testing. 
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6A VIRGIN GRAVEL 
CYCLE# 1 

Deflection (in) Load (lbs) 
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Figure A-1 : Load and deflection curves for 6A virgin gravel slab after cycle # 1. 
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6A VIRGIN GRAVEL 
CYCLE# 1000 
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Figure A-2: Load and deflection curves for 6A virgin gravel slab after cycle # 1 ,000. 



6A VIRGIN GRAVEL 
CYCLE# 2000 

Deflection (in) Load (lbs) 
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Figure A-3: Load and deflection curves for 6A virgin gravel slab after cycle # 2,000. 
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Figure A-4: Load and deflection curves for SA virgin gravel slab after cycle # 5,000. 
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Figure A-5: Load and deflection curves for 6A virgin gravel slab after cycle # 20,000. 
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Figure A-6: Load and deflection curves for 6A virgin gravel slab after cycle # 50,000. 
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Figure A-7: Load and deflection curves for 6A virgin gravel slab after cycle# 100,000. 
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Figure A-8: Load and deflection curves for 6A virgin gravel slab after cycle # 300,000. 
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Figure A-9: Load and deflection curves for 6A virgin gravel slab after cycle # 600,000. 
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Figure A-10: Load and deflection curves for 6A virgin gravel slab after cycle# 900,000. 
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Figure A-11 : Load and deflection curves for 6A virgin limestone slab after cycle # 1. 
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Figure A-12: Load and deflection curves for 6A virgin limestone slab after cycle # 1 ,000. 
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Figure A-13: Load and deflection curves for 6A virgin limestone slab after cycle# 2,000. 
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Figure A-14: Load and deflection curves for 6A virgin limestone slab after cycle# 5,000. 
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Figure A-15: Load and deflection curves for 6A virgin limestone slab after cycle # 10,000. 
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Figure A-16: Load and deflection curves for 6A virgin limestone slab after cycle # 20,000. 
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Figure A-17: Load and deflection curves for 6A virgin limestone slab after cycle # 50,000. 



-·,.,-: 

6A VIRGIN LIMESTONE 
CYCLE # 100,000 

Deflection (in) Load (lbs)
0,--------------------------------------------10000 

- 0. 0 1 h ,, ':,,,,,, .. ,:::::.:::.:.::.::::.:::.::::···· 

-0.02 8000 

-0.03 6000 
-0.04 1-··· ,,,,,,,,,,,.,, ,,,,,,,,,,,,, 

-0.05 4000 

-0.06 2000 
-0.07 
- o.o8 ~=:==:::::==::::::::c====~L~~~:::::::==::::r:::==::::=~_j o 

0 0.1 0.2 0.3 0.4 

Time (sec) 

Approach Deflection Leave Deflection 

Approach Load Leave Load 

Figure A-18: Load and deflection curves for 6A virgin limestone slab after cycle# 100,000. 
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Figure A-19: Load and deflection curves for SA virgin limestone slab after cycle# 300,000. 
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Figure A-20: Load and deflection curves for SA virgin limestone slab after cycle # 600,000. 
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Figure A-21: Load and deflection curves for SA virgin limestone slab after cycle # 900,000. 
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Figure A-22: Load and deflection curves for 6A Virgin limestone after cycle # 1 ,500,000. 
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Figure A-23: Load and deflection curves for 6A virgin slag after cycle # 1. 
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Figure A-24: Load and deflection curves for 6A virgin slag after cycle # 1 ,000. 
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Figure A-25: Load and deflection curves for 6A virgin slag after cycle # 2,000. 
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Figure A-26: Load and deflection curves for 6A virgin slag after cycle # 5,000. 
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Figure A-27: Load and deflection curves for 6A virgin slag after cycle# 10,000. 
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Figure A-28: Load and deflection cuNes for 6A virgin slag after cycle # 20,000. 
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Figure A-29: Load and deflection curves for 6A virgin slag after cycle # 50,000. 
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Figure A-30: Load and deflection curves for 6A virgin slag after cycle# 100,000. 
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Figure A-31: load and deflection curves for SA virgin slag after cycle # 250,000. 
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Figure A-32: Load and deflection curves for 17A virgin gravel after cycle # 1. 
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Figure A-33: Load and deflection curves for 17A virgin gravel after cycle# 1,000 . 
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Figure A-34: Load and deflection curves for 17A virgin gravel after cycle# 2,000. 
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Figure A-35: load and deflection curves for 17A virgin gravel after cycle# 5,000. 
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Figure A-36: Load and deflection curves for 17A virgin gravel after cycle# 10,000. 
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Figure A-37: Load and deflection curves for 17A virgin gravel after cycle# 20,000. 
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Figure A-38: Load and deflection curves for 17A virgin gravel after cycle # 50,000. 
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Figure A-39: Load and deflection curves for 17A virgin gravel after cycle# 100,000. 
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Figure A-40: Load and deflection curves for 17A virgin gravel after cycle# 300,000. 
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Figure A-41: Load and deflection curves for 17A virgin gravel after cycle # 600,000. 
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Figure A-42: Load and deflection curves for 17A virgin gravel after cycle# 900,000. 
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Figure A-43: Load and deflection curves for SA 100% recycled gravel after cycle# 1. 
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Figure A-44: Load and deflection curves for 6A 100% recycled gravel after cycle # 1,000. 
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Figure A-45: Load and deflection curves for 6A 100% recycled gravel after cycle # 2,000. 
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Figure A-46: Load and deflection curves for 6A 100% recycled gravel after cycle# 5,000. 
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Figure A-47: Load and deflection curves for 6A 100% recycled gravel after cycle# 10,000. 
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Figure A-48: Load and deflection curves for 6A 100% recycled gravel after cycle# 20,000. 
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Figure A-49: Load and deflection curves for 6A 100% recycled gravel after cycle# 50,000. 
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Figure A-50: Load and deflection curves for 6A 100% recycled gravel after cycle# 100,000. 
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Figure A-51: Load and deflection curves for 6'A 100% recycled gravel after cycle# 300,000. 
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Figure A-52: Load and deflection curves for 50-50 recycled blend after cycle # 1. 
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Figure A-53: Load and deflection curves for 50-50 recycled blend after cycle # 1,000. 

- -------------.~-------------.- ...~-:-----~-----c-~----



50-50 RECYCLE BLEND 
CYCLE# 5000 

Deflection (in) Load (lbs)
0.-------------------------------------------------- 10000 

- 0. 0 1 /'\ ···.··/···:;/:.~,-.·:.·::'.;'::·.: .•.,<.,:_··-·:·_·-_:::_::_;\,·,,//\...... /.7,\'~~~/··--·-;\::,,.,--.,,.,,/,,/_,·_-. .............. ......... .................... 

-0.02 ',.::> ........ T ......:" 8000 
-0.03 f-······ · -- ................................................................... ··· --------1•. I _f '·c:> 

- 6000 
=~:~:rf- ..-.......-....-......-.··..···· ... ..........·.·.·····_·········-.......-.......-..-...-·. _······ ~·· \> ~~:JL ......................... ·- ..........................-....-.....·.......-.....-....... ········································ 

•' - 4000 
0 
~ - 0.0 6 t--···· ..... \ .......... . . ' . - .................................. ········:·· 
,0 

-0.07 r- 2000 
-0.08 ~·-······ ················-························ ...................... - J \'-7~ . '' 

-o.o9 C:""'=~;;;~:=:=::::L:==::=:o..L;_:;::_,~~~;;;~==:r:=:====-_j o 
0 0.1 0.2 0.3 0.4 

Time (sec) 

Approach Deflectioo Leave Deflection 

Approach Load Leave Load 

Figure A-54: Load and deflection curves for 50-50 recycled blend after cycle # 5,000. 
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Figure A-55: Load and deflection curves for 50-50 recycled blend after cycle # 10,000. 
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Figure A-56: Load and deflection curves for 50-50 recycled blend after cycle # 20,000. 
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Figure A-57: Load and deflection curves for 50-50 recycled blend after cycle # 50,000. 
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Figure A-58: Load and deflection curves for 50-50 recycled blend after cycle# 100,000. 
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Figure A-59: Load and deflection curves for 50-50 recycled blend after cycle # 300,000. 



50-50 RECYCLE BLEND 
CYCLE # 350000 

Deflection (in) Load (lbs) 

--- -- ', 

', '' 

f'-···'""': :: .......................................·.·.· ...•.................................... 

-0.04 f-················ 

~--··································································· -·-················-·······-··-····-······ 

0,-----------------------------~-~-----------~
' \ 
\\ ................... ___ ,,,.. ,c·.:/........... ..: 

_i \ -----

\\ 

··-.... ··· 

J:::fY,~~t'::=\\c·'\~-'C7::::·:::---:::-==-=:::-____,-z:~=:=:===~::-~===== 
\\_I,·······································-····························································································································· 

................... --
----

-

--
................... 

10000 
' .• --, I

-0.01 .- ·-· -· .. _,, •..• ,, \- --~A-··If··t'·''·· .:,.\ .................... ····,····· / 8 0 0 0 
-0.02 

VI \_j, - '---------0.03 6000/ / ·\. /. 

4000J;rfwlf \'··························\+;/...........-0.05 I i\ \i 02000 
~ 

"" =~: ~ ~ t;::·:::··········=--=--=·;;:::::·-~::::·--··=·· ······=·.·=·..::.··=·······=······=· ······=·· 

0-0.08~········································· ............................................................................................................. 
-o.ogL-----------L-'--------~L-'----------~'----------- -2000 

0 0.1 0.2 0.3 0.4 

Time (sec) 

Approach Deflection Leave Deflection 

Approach Load Leave Load 

Figure A-60: Load and deflection curves for 50-50 recycled blend after cycle # 350,000. 


