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ABSTRACT 

A detailed investigation has been conducted on core samples taken from 17 portland 
cement concrete pavements located in Iowa. The goal of the irnvestigation was to help to clarify 
the root cause of the premature deterioration problem that has become evident since the early 
1990s. Laboratory experiments were also conducted to evaluate how cement composition, 
mixing time, and admixtures could have influenced the occurrence of premature deterioration. 
The cements used in this study were selected in an attempt to cover the main compositional 
parameters pertinent to the construction indusm in Iowa. 

The hardened air content determinations conducted during this study indicated that the 
pavements that exhibited premature deterioration often contained poor to marginal entrained-air 
void systems. In addition, petrographic studies indicated that sometimes the emtrained-air void 
system had been marginal after mixing and placement of the pavement slab, while in other 
instances a marginal to adequate entrained-air void system had been filled with ettringite. The 
filling was most probably accelerated because of sfinkage cracking at the swface of the 
concrete pavements. The results of this study suggest that the durability-more specifically, the 
frost resistance-of the concrete pavements should be less than anticipated during the design 
stage of the pavements. 

Construction practices played a significant role in the premame deterioration problem. 
The pavements that exhibited premature distress also exhibited features that suggested poor 
mixing and poor control of aggregate grading. Segregation was very co 
extracted from the pavements that exhibited premature distress. This suggests that the vibrators 
on the paver were used to overcome a workability problem. Entrained-air voids formed in 
concrete mixtures experiencing these types of problems normally tend to be extremely coarse, 
and hence they can easily be lost during the paving process. This tends to leave the pavement 
with a low air content and a poor distribution of air voids. All of these features were consistent 
with a premature stiffening problem that bastically influenced the ability of the con&actor to 
place the concrete mixture. Laboratory studies conducted during this project indicated that most 
premature stiffening problems can be directly attributed to the portland cement used on the 
project. The admixtures (class C fly ash and water reducer) tended to have only a minor 
influence on the premature stiffening problem when they were used at the dosage rates described 
in this study. 



INTRODUCTION 

Recent observations have identified several portland cement concrete (PCC) pavements 
in Iowa that have exhibited cracking after only approximately three to five years of service. 
Distress could not be specifically linked to design or materials constraints. However, materials- 
related difficulties, such as plastic concrete problems (workability), and materials 
incompatibilities were reported during the consrnction of several of the projects. Consultants 
were asked to evaluate several of the projects and to assess the most probable reason(§) for the 
observed distress. No consensus was reached by the various consultants. Alkali-silica reaction 
(ASR) and freeze-thaw deterioration were considered the most probable reasons a t ~ b u t e d  to the 
distress observed in the pavements. However, the consultants failed to satisfy the expectations of 
the Iowa Departnent of Transportation (Iowa DOT) because they failed to reach a consensus and 
they never really identified the root cause of the distress. Reactive shale particles were identified 
in the sand fraction of several portions of the distressed pavements; however, the same shale 
particles were also present in roadways that exhibited no distress after 20 years of service. In 
addition, the rapidity of the distress (the distress was evident after approximately three years of 
service) suggested that the shale particles were only minor culprits in the deterioration. The rapid 
onset of deterioration was also contrary to field service records for the aggregates used in the . 
various projects. 

The purpose of this research project was to refine the investigation of several of the 
pavements that exhibited premature deterioration. The goal of the project was to provide a better 
explanation of the root cause of the problem. 

RESEARCH APPROACH 

The research program consisted of both a field study and a laboratory study. The purpose 
of the field study was to provide forensic evidence pertaining to the deterioration mechanisms 
observed in 17 pavement sites across Iowa. The purpose of the laboratory study was to attempt 
the simulate some of the field-related problems in a laboratory environment so that the 
significance ofthe key constituents could be more clearly defined. 

The field study utilized cores from the pavements summarized in Table 1. Approxbately 
half the pavements that were cored represented ""god" sites (i.e,, pavements that exhibited no 
apparent signs of abnomal deterioration). The remaining sites all exhibited some level of 
deterioration that was considered excessive for the age of the pavement. The cores were 
subjected to pemgraphic examination and the air content of specific sections of the cores were 
evaluated using image analysis. 

The laboratory study used two co on admixtures that have consistently been 
recognized by Iowa DOT personnel to c field problems in pavement jobs, and a suite of five 
different portland cements. Three of the cements were chosen to represent those co 
available in Iowa. Two addiOional cements, a low-alkali cement and a high-alkali cement, were 
also included in the laboratory study to expand the composition ranges of the cements. The 
admixtures consisted of (1) a class C fly ash with a very high analytical calcium colltent from 
Council Bluffs No. 3 power plant and (2) a low-range water reducer (Plastocrete 16 1, ASTM 
type A chemical admixbre [ d l ) .  The laboratoy study evaluated the premature stiffening 



characteristics of a series of different combinations of podland cement, fly ash, and water 
reducer. Volume stability during setting and hardening was monitored using ASTM C 827 ( I ) .  
The shrinkage of paste specimens colltaining the various constihrents was evaluated during the 
study by means of unrestrained shrinkage and restrained shrinkage tests. The laboratory study 
also included the use of ~ e r m a l  analysis techniques and X-ray diffraction techniques to quantifi 
the sulfur compounds that were present in the cements and fly ash. 

TABLE 1 Summary of the Pavement Sites Invesggated in This Study 

Site Road County Year Project Number Location Premature 
Paved Distress? 

1 US 20 Webster 1986 F-520-3(12)-20-94 Westbound, milepost 127.55, No 

US 20 

US 169 
Hwy 175 

Hwy 175 

I4wy 175 

Hwy 330 

1-80 

1-80 

1-80 

1-80 

1-80 

Hwy 2 

Hwy 160 
US 218 

US 218 

US 61 

Hamilton 

Webster 
Hamilton 

Hamilton 

Hamilton 

Marshall 

Iowa 

Dallas 

Dallas 

Dallas 

Cass 

Fremont 

Polk 
Johson 

Johnson 

Scott 

F-520-4(26)- 16-40 

F-I 69-6(3 11-20-94 
F-175-7(13)-20-40 

F-175-7(13)-28-40 

F-175-7(13)-20-40 

F-330-2(19)-20-64 

IR-80-6(119)-12-48 

R-80-36571106 

IR-80-3(57)106 

IR-80-3(57)106 

IR-80-2(108)61-12-15 

F-2-l(23)-20-36 

F-4 15- l(11)-20-77 
F-518-4(12)-20-52 

F-5 18-4(12)-20-52 

FFD-56 1-1 (6)-2N-82 

station 2002 
Westbound, milepost 135.4, 
station 49 
Southbound, near station 2002 
Westbound lane, milepost 156.2, 
station 143 
Eastbound lane, milepost 157.5, 
slation 1 9 1 
Eastbound lane, milepost 158.3, 
station 244 
Northbound lane, milepost 6.8, 
station 74 
Eastbound, milepost 210.36, 
station 298 
Eastbound, milepost 107.55, 
station 509 
Eastbound, milepost 1 13.25, 
station 8 10 
Eastbound, milepost 1 16.2, 
station 966 
Westbound, milepost 68, 
station 1 0 19 
Westbound, milepost 2.6, 
station 1499 
Eastbound, near station 362 
Southbound, milepost 95.45, 
station f 658 
Northbound, milepost 9 1.96, 
station 1498 
Northbound, milepost 125, 

Yes 

Yes 
No 

No 

No 

Yes 

Yes 

No 

Yes 

No 

No 

Yes 

Yes 
Yes 

Yes 

No 

EQUIPMENT AND PROCED 

Core samples having a nominal diameter of 102 millimeters (4 inches) were extracted 
from each site by Iowa DOT personnel. All of the cores represented the firll depth of the 
pavement slab unless noted othemise. The core specimens were sectioned using a Buekler 
LAPRO slab saw. The saw was equipped with a 457-millimeter (1 8 inch) diameter notched-fim 
diamond blade. Reagent grade propylene glycol was used as the lubsicant-coolant during the 
cutting process. Preliminary cuts were made to section the cores into thirds (i.e., top, middle, and 



bottom of each core). This was done to preserve infomation about air content versus depth. Test 
specimens were cut from each section by making two longitudinal cuts (see Figure I). Hence, the 
nominal section area that was available for analysis on any given specimen was about 77 cm2 (12 
in2, in accordance with ASTM C 457 [ I  1, asswing a nominal coarse aggregate size of 25 
millimeters [I inch]). The sections were then prepared for analysis using a LECO VP-50 variable 
speed grinderlpolisher. The VP-50 was equipped witb a 300-millimeter (12 inch) diameter brass 
wheel. Fixed grit silicon carbide grinding paper was used throughout the study. The exact details 
of the specimen preparation technique have been s arized in a previous report (2). 

A Hitachi S-2460N low-vacuum scanning n Izlicroscope was used for collecting 
the digital images obtained during this project. All of the digital images were collected using an 

ents LINK TETRA back-scattered electron detector. The digital images were 
then analyzed using image analysis techniques to provide estimates of air content, specific 
surface and spacing factor. X-ray maps were also collected for specific samples using m Oxford 
Instruments GEM X-ray detector and a LINK ISIS X-ray acquisition system. 

The X-ray maps provide important information pertaining to some of the deterioration 
processes that could have occurred in the pavements. Detailed summaries of the equipmellt and 
stanhrd operating procedures for the image analysis technique can be found in an earlier report 
(2). Several different microscopes were used for the light microscopy phase of this study. Thin 
sections were viewed with an O l p p u s  BH-2 transmitled light microscope or a Unitron 
polarizing microscope. Bulk or polished specimens were viewed in reflected light with an 
O l p p u s  BN reflected light microscope or an Olympus SZH stereo microscope. 

A TA Instruments differential scanning calorimeter (DSC, Model 2910) was used to analyze 
portions of the portland cement samples. A typical experiment was conducted on a l0-milligram 
specimen that was heated from 25°C to about 300°C using a heating rate of 10 degrees per 
minute. All specimens were hermetically sealed in aluminum specimen containers prior to 
analysis. Nitrogen gas was purged through the system to avoid oxidation of the DSC cell. The 
method was calibrated using a series of syllthetic standards that were manufactured from pure 
gypsum, bassanite, and a portland cement clinker that contained neither of the minerals. 

A Siemens B-500 X-ray diffractometer (XRD) was used to analyze the cements and fly 
ash that were used in this study. A typical experiment used a copper X-ray tube (excitation 
conditions 50 kV and 27 nrA) and a diffracted beam monochomater. Specimens were back- 
loaded into a sanple holder for analysis. Scaming rates were 1.5 degrees per minute for the 
initial qualitative runs. Quantitative measurements were conducted using a scanning rate of 0.5 
degrees per minute. Silicon metal was used as an internal standard in all quantitative mns. The 
method was calibrated using a series of synthetic standards. The standards were manufactured by 
mixing known amounts of the pure minerals (gypsm, bassanite, and anhydrite) with a portland 
cement clinker that contained no detectable amount of these ifferent minerals. 

A Philips PW 2404 X-ray fluorescence spectrometer was used for measuring the 
bulk elemental composition of the various materials used in this project. The spectrometer is 
equipped with a rhodium target X-ray tube, a 167 specimen sample changer (only sixty positions 
active at this time) and is fully computer conkolled. All of the specimens were presented to the 
spectrometer as fused disks. The spectrometer was calibrated using NIST-grade standard 
reference materials that had been fused into glass disks. 



Top of pavement core 

Section for 
SEM 
specimens 

Nominal 3" 
(76mm) 

Nominal 3" 
(76mm) 

Nominal 3" 
(76mm) 

SEM specimen 1 

FIGURE 1 BIustration of how the pavement cores were sectiisned for anallysis. 



The procedure described in ASTM C 827 (6) was used for monitoring the shrirakage of 
mortar test specimens during the setting and hardening process. Briefly, the procedure was as 
follows. The standard mortar mixing procedure given in ASTM C 305 (3) was used for all mixes. 
Enough water was added to each mix to produce a plastic consistency (is., a mortar flow 
between 100 and 125). When needed, the water-reducing a b i x h r e  was added to the mix after 
the sand, just before the mixer was switched to speed 2. This ensured that the cement was in 
contact with water for about a minute prior to being dosed with water reducer. The mortar 
mixhre was then compacted into a cylinder mold (50-millimeter [2 inch] diameter, 100 
millimeters [4 inches] tall) that had been oiled. Then a polystyrene bead (1 2-millimeter diameter, 
density = 1-13 grams per cubic centimeter) was gently pressed into the top of the mortar 
specimen. The mortar specimen was then positioned in an apparaQs similar to that described in 
ASTM C 827, except that the projection system only produced a nominal magnification of 80X 
(not the 90X to l10X required in ASTM C 827). The exact magnification factor for each 
experiment was detemined by using a drill bit and the procedure outlined in ASTM C 827. The 
drill bit had a diameter of 3.1 millimeters. The approximate setting time of the mortar was 
determined using a soil pocket penetrometer and the excess mortar from any given mix. The 
excess mortar was placed in container (75-millimeter [3 inch] diameter by 50 millimeters [2 
inches] tall) and then probed with the penetrometer at half-hour time increments. The mortar was 
considered to have set when the penetrometer reached its max imu  reading (430 W- per square 
meter). This technique is not a conventional method for detemining the setting time of mortar, 
but it was deemed adequate for the needs of this testing program. 

The unrestrained drying shrinkage characteristics of various mixtures were measured 
using prismatic bar specimens (nominal dimensions of 25 millimeters by 25 millimeters by 300 
millimeters [I inch by 1 inch by 11.25 inches], effective gage length of 250 millimeters [I0 
inches]). The paste specimens were mixed with enough water to attain nomal consistency and 
then placed in the molds. M e n  needed, the water-reducing admixhre was added to the mix after 
the scrape down procedure described in ASTM C 305 (3). This ensured that the cement was in 
contact with water for about a minute prior to being dosed with water reducer, The test 
specimens were cured under plastic at ambient room temperature for one day. Note, this is not 
the nomal moist curing cycle that is co only used for autoclave bar specimens. Then the test 
specimens were separated into two equal groups. The first group (i.e., half of the of test 
specimens that were molded) was exposed to ambient t e m p e r a ~ e  and humidity conditions 
(temperame = 23 .- 2"C, relative humidity = 57 + 7 percent). The other group of test specimens 
was subjected to lime water curing (i.e., an ideal curing case with no shrinkage). Shrirakage or 
expansion, depending on the group of specimens, was monitored at regular intervals after the 
first four hours of exposure to the test envkoment. It was not possible to maintain the relative 
humidity of the laboratory at the 57 percent level after approximately the first 40 days of 
exposure. This was due to the start of the winter months. During these months, the relative 
humidity fluctuated between about 35 percent and 45 percent, and this did lead to an observed 
increase in the shrilrkage of most of the test specimens. 

Restrained shrikage was conducted using paste specimens and a shrirrkage ring 
described by Burrows (4). Burrows indicated that this was basically the apparatus described by 
Blaine et al. (5). A diagram ofthe sknkage ring, the directions for perfonming the test, and the 
suggested rating scheme for inteqreting the test results are given in Figure 2. When needed, the 
water-reducing admixme was added to the mix after the scrape-down procedure described in 
ASTM C 305 (3). This ensured that the cement was in contact with water for about a minute 



prior to being dosed with water reducer. The curing and storage conditions for the sK&age ring 
tests were idelltical to those for the umestrained sfinkage tests described above (is., curing 
under plastic for 24 hours, folIowed by exposure to arrabient room conditions, temperame = 23 2 

2"C, relative humidiw = 57 rt '7 percent). 

FOR -y-maqdAp TEST 

[ c: l hour Poor 
/ I to4 hours Questionabfe 
/ 4 tu 15 hours Good 

FIGURE 2 Illustration of the Blaine restrained shrinkage ring (taken from [4]). 

Premabre stiffening tests, often called false set tests, were conducted using two different 
procedures. ASTM C 359 (3) was the first procedure that was used. The second procedure, 
which will be referred to as the "modified C 359," used a shorter mix cycle than the procedure 
described in ASTM C 359. The procedure for the modified C 359 test is given in Appendix A. 
The modified C 359 test is considered the more rigorous of the two test methods. This was 
deemed appropriate because of the rather short mix cycles that are used in pavement concrete 
mixes. When needed, the water-reducing admixture was added to the mix during the final 30 
seconds of the mix cycle. This ensured that the cement was in contact with water for at least 30 
seconds prior to being dosed with water reducer. Briefly, both test methods evaluate the 
premature stiffening behavior of mortars for the first 10 or 1 1 minutes after water was added to 
the mix. The mortars were then subjected to a remix cycle to evaluate if the premawre stiffening 
was caused by flash set or false set. Flash set mortars typically exhibit low pene&ation values 
even after the remix cycle. For the purpose of this research program, the mortars were evaluated 
for an additional 20 to 30 minutes after the remix cycle. This was done to lengthen the 
observation period to about 30 minutes after the water was added to the mix. 



RESULTS AND DISCUSSION 

Field Study 

General Descrip tions 
The general details noted during the field inspection of the pavements are s 

Table 2. The core logs, d i c h  were generated during the laboratory inspection of the cores, are 
given in Appendix B. Important details from the core logs have also been summarized in Table 
2. 

Air Void Measurements 

The image analysis procedure utilized a series of low-magnification (40x) digital images 
to measure the air voids present in a test specimen. Typical digital images obtained from "good" 
and ""bad" sections of pavement are illustrated in Figures 3 and 4, respectively. The images 
represent concrete from the top three inches of cores that had been taken fi-om the midpanel 
region of two different pavement slabs. Both figwes contain similar features; however, the good 
section contained more entrained-air voids than did the bad section. This discrepancy could be 
due to the fact that (1) the air void system in the bad section was lower to start with (because of 
improper admixhre dosage, poor mixing, or excessive vibration) or (2) because the air voids 
have been filled with a sulfate mineral that has a chemical connposition close to the mineral 
eltringite [Ca&12(S04)(0H)12-25 H20]. The image analysis technique cannot count the air voids 
that have been filled with ettringite because of the very poor contrast between the cement paste 
and the filled voids. However, another analytical procedure, commonly referred to as X-ray 
mapping, can be used to produce a detailed image of the initial air void system. This is illustrated 
in Figure 5. The figure shows that the initial air void system has been filled with a phase that is 
rich in sulfiu: (emingite in this instance, as determined by energy dispersive X-ray analysis). 
Likewise, the silicon map exhibits dark areas (holes) where the initial air voids resided in the 
cement paste. 

Higher magnification (see Figure 6) can also be used to distinguish the filled voids from 
the cement paste. However, this causes a dramatic increase in the number of images that need to 
be collected to provide a reliable estimate of the air content of the sample. The image shown in 
Figure 6 indicates that, in this particular specimen, most of the air voids with diameters less than 
about 100 microns have been filled with e ~ n g i t e .  This should have a negative impact on the 
freeze-thaw resistance of the concrete because it causes an increase in the spacing factor of the 
concrete. 

Presently, there are several strategies available for quantifying the amount of voids that 
are filled in any given sample. The first strategy is to use X-ray mapping to directly measure the 
sulfur rich phase present in the air voids. Another strategy is to stain the material in the voids 
with a dye this facilitates their measurement using conventional (light) microscopes. The third 
strategy is to use a solvent to selectively remove the emingite from the air voids. This coupled 
with an additional measurement cycle would allow one to evaluate the amount of voids that had 
been filled. 



TABLE 2 Summary of Field Inspection and Core Logs far Sites Included in This Study 

1 US 20 No distress observed No cracks evident; entrapped air voids common 
2 US 20 Severe cracking at joints, similar to D- Cracking noted in all cores, typically subparallel 

cracking, but some cracks extend the to top of core; many large, entrapped air voids; 
length of the panels on 450-mm (1 8 inch) shale pop outs common on sides of core 
to 600-nun (24 inch) spacing 

3 US I69 Staining and faint to moderate cracking Poor core extraction, broke off at about 125 nun 
noted only at joint area (5 inches); cracking noted, typically subparallel 

to top of core 
4 Hwy 175 No distress observed No cracks evident; some staining around shale 

particles; entrapped air voids conunon 
5 Hwy 175 No distress observed No cracks evident; some staining around shale 

particles; entrapped air voids common 
6 Hwy 175 No distress observed One fine crack at base of core, ran halfway 

around the core; some staining around shale 
particles; entrapped air voids c o m o n .  

7 Hwy 330 Staining and moderate cracking noted only Cracking evident; some cracking due to gravel 
at joints aggregate particles 

8 1-80 Severe cracking radiating from transverse Cracking noted at top surface and bottom of core; 
joints through the length of the some segregation noted; large entrapped air voids 
panel---often on 4 5 0 - m  (1 8 inch) to 600- comrnon 
rnm (24 inch) spacing 

9 1-80 No distress observed No cracks evident; shale particles common, some 
have white residue su~ounding them 

10 1-80 Severe cracking at joints; few cracks Some surface cracking evident; some coarse 
propagate through length of panel aggregate particles exhibit staining; entrapped 

voids as large as 2 5 - m  (I  inch) diameter 
observed near mid-depth of some cores 

11 1-80 No distress observed No cracking noted; some coarse aggregate 
particles exhibit staining; entrapped voids 
conunon 

12 1-80 No distress observed Slight cracking noted at bottom of cores; 
entrapped voids common but all less than 18-mm 
(0.75 inch) diameter. 

13 Hwy 2 Cracking at joints, typically perpendicular Surface cracking common 
to joints but at random spacing; some 
cracking on panel 

14 Hwy 160 Cracking only at joints; cracks did not No cracking evident except for pop outs due to 
extend through the panel shale particles 

15 US 2 18 Faint longitlrdinal cracks; appeared to be No cracking evident; some white residue noted 
on a 4 5 0 - m  (1 8 inch) to 600-nun (24 around shale particles 
inch) spacing 

16 US 2 18 Severe cracking radiating from transverse Cracking common at top surface of cores taken 
joints through the length of the panel, often from the joints; some shale and chert particles 
on 450-mm (18 inch) to 6 0 0 0 - m  (24 noted, often surrounded by white residue 
inch) spacing 

I7 US 6 1 No distress observed Cracking common at the bottom of all cores; 
most cracks pass through the coarse aggregate 



FIGURE 3 Good section of U S  28. 

FIGURE 4 Bad section of  U S  20. 



FIGURE 5 Illustration of the use of X-ray maps to highlight the ettringite-fiIled air voids. 

FIGUWE 6 Higher magmmiffmtion image from Figure 4; note the Elled voids. 



The results of the hardened air content determinations that were conducted for this study 
arized in Table 3 and are depicted graphically in Figure 7. The results shown in the 

figure have been sorted by location (i.e., joint vs. midpanel) to help spread out the information. 
For the purpose of this discussion the numerical values have been expressed as air contents based 
on the mortar fraction of the concrete specimens (i.e., ignoring the coarse aggregate fraction of 
the concrete). Previous research (6, 7) has indicated that concrete containing mortar air contents 
of 9 +. 1 percent mically exhibit good to excellent resistance to freezing and thawing. Recent 
work at this lab (2) has produced test results in good agreement with these earlier studies. 

TABLE 3 Summary of the Hardened Air Colntents for Pavement Sites Ineluded in This 
Study 

1 US20 Webster 6.9 4.9 8.5 4 No 
2 US 20 Hamilton 5.0 3.9 6.2 4 Yes 
3 US 169 Webster 7.2 4.9 9.6 3 Yes 
4 Hwy 175 Hamilton 7.6 6.4 8.8 5 No 
5 Hwy 175 Hamilton 6.4 5.0 8.1 4 No 
6 Hwy 175 Hamilton 8.9 8.1 10.5 4 No 
7 Bwy 330 Marshall 5.3 5.0 5.7 4 Yes 
8 1-80 Iowa 5.1 3.3 8.3 6 Yes 
9 1-80 Dallas 6.1 5.2 7.3 4 No 
10 1-80 Dallas 5.2 2.8 8.4 4 Yes 
11 1-80 Dallas 5.1 3.9 6.4 4 No 
12 1-80 Cass 9.1 8.0 10.9 5 No 
13 Hwy2 Frernont 4.0 2.7 5.0 4 Yes 
14 Hwy 160 Polk 2.2 2.0 2.4 3 Yes 
15 US 218 Johnson 4.7 3.6 5.4 3 Yes 
16 US218 Johnson 5.8 4.9 7.8 5 Yes 
17 US 61 Scott 7.0 5.4 8.7 5 No 

arizes the relationship between the measured mortar air content and the 
corresponding bulk concrete air content for an Iowa DOT C-3 concrete mix. Also included in 
Table 4 is a qualitative rating scheme that can be used to assess the overall suitability of the air 
void system to resist freeze-thaw deterioration. The rating scheme was develope 
research conducted at this laboratory in combination with the Iowa DOT data s 
Appendix C. The critical air colrtent (defined as "marginal" in Table 4) is not a constant for all 
carbonate aggregates, and the data included in Appendix C clearly indicate that some discretion 
must be used when interpreting values in that region. Typically, the infomation indicates that 
concrete test specimens tested for freeze-thaw durability using ASTM C 666 (1) exhibit 
approximately a 50 percent loss of durability factor in this region. However, some coarse gain 
limestones and dolomites may be able tolerate air contents in this region (e.g., see the test results 
for Alden, Sedgvvick, and Shaffion given in Appendix C). 

The results sumarized in Table 3 and shown in Figure 7 indicate that the pavements that 
exhibited premature deterioration tended to have a wide range of mortar air contents (roughly 
&om two to 10 percent). The average mortar air content for the pavements that exhibited 
prematblre distress was 5.1 percent, and only seven out of the 39 specimens that were tested had 



air contents greater than 6 percent. In contrast, the pavements that exhibited good field 
perfomance had a slightly narrower range of air contents (range from four to 11 percent). The 
average mortar air content for the good pavements was 7.3 percent and only eight out of the 32 
specimens that were tested had air contents less than 6 percent. 

Rescrlts of  lrnage Analysis 

B P. D BAD 

Locaiion: Midpanel Location: Joint 

QUALITY 

FIGURE 7 Results of the image analysis measurements far air content. 

TABLE 4 Air Void Rating Scheme That Is Applicable to This Study 

Excellent 10 6.3 
Excellent 9 5.7 
Good 8 5.0 
Adequate 7 4.4 
Marginal 6 3.8 
Marginal 5 3.2 
Poor 4 2.5 
Poor 3 1.9 
Poor 2 1.3 
Poor 1 0.9 

"Applies to a C-3 mix only. 



Other global concrete properties, such as specific surface and spacing factor calculations, 
are summarized in Table 5. These calculations were conducted in a manner similar to that used 
in p r e ~ o u s  research (e.g., 2). However, it is important to understand that some assumptions had 
to be made to si~~lplify the calcuIations. First, the paste content and the bulk air content of each 
pavement site had to be estimated using the nominal mix proportions (is., theoretical or as 
specified by Iowa DOT documents). This is a drastic oversinrplification because someiimes 
things simply do not go right in the field. The standard ASTM test (C 457) allows for the 
measurement of paste content and this needs to be added to the image analysis test method to 
make it more robust. Some of the concrete cores that were evaluated in this study exhibited 
severe segregation. This is illuskated in Figure 8. This particular concrete mix should have been 
a C-3MR-C mix with about 38 percent coarse aggregate and 25 percent paste (by volwne). It is 
apparent in Figure 8 that the actual (or measwable) mix proportions deviate significantly from 
the theoretical mix propoPtions. This means that the spacing factor calculated for the section will 
be in error. Second, no attempt has been made to transform the observed circle diameter 
distribution into the theoretical sphere diameter distribution prior to performing the spacing 
factor calculations. Ignoring the transform greatly simplified the calculations, but it also inflates 
the spacing factor values since the transfom tends to increase the amber  of small voids at the 
expense of the larger voids. Hence, the values su arized in Table 5 will be referred to as 
""apparent spacing factors." The amstrent spacillg factor estimates (as rough as they were) still 
separated the concrete cores into tvvo rough groups that corresponded closely to the observation 
of distress in the cores. Cores having apparent spacing factor values less than about 0.21 
millimeters (0.0083 inches) exhibited little distress. Cores having apparent spacing factor values 
above 0.24 millimeters (0.0094 inches) nearly always exhibited distress. These test results 
suggest that the premature distress was at least partially related to inadequate or marginal 
entrained-air void systems in the hardened concrete pavements. 

TABLE 5 Esemates of the Hardened Air Parameters for Pavements Included in This 
Study 

Site Road County Apparent Specific Surface Apparent Spacing Factor Deterioration Noted 

1 US20 Webster 25.4 0.20 No 
2 US20 Hamilton 24.1 0.24 Yes 
3 US 169 Webster 23.0 0.22 Yes 
4 Hwy 175 Hamilton 25.7 0.19 No 
5 Hwy 175 Hamilton 25.3 0.21 No 
6 Hwy 175 NmiIton 26.5 0.17 No 
7 Hwy330 Marshall 19.5 0.29 Yes 
8 1-80 Iowa 24.0 0.25 Yes 
9 1-80 Dallas 21.9 0.24 No 
10 1-80 Dallas 24.3 0.25 Yes 
11 1-50 Dallas 30.6 0.19 No 
12 1-80 Cass 26.2 0.17 No 
13 Hwy2 Fremont 29.3 0.23 Yes 
14 Hwy 160 Polk 26.2 0.34 Yes 
15 US218 Johnson 21.4 0.28 Yes 
16 US218 Johnson 24.0 0.24 Yes 
17 US61 Scott 20.6 0.25 Yes 



FIGURE 8 Illustration of segregation b a core extracted from 1-80 in Iowa county. 



Petrographic Examination 

Gores frorn each site were subjected to a general peh-ographic examination. The 
examinations were conducted in a manner similar to that su arized in a previous research 
project (8); however, it is important to note that the current study used specimens obtained from 
longihdinal sectioning of the core specimens (refer to Figure 1). The previous study (8) 
produced very limited infomation about the top inch of the concrete pavement cores because the 
investigation was limited to horizontal sections taken frorn a depth of 25 millimeters (1 inch) 
below the top of the core. The purpose of this section is simply to tabulate the pertinent 
information (see Table 6). Detailed infomation for each site is given in Appendix D. 

In general, the study indicated a few instances where the dwabilitgr of the coarse 
aggregate could be questioned. Most notably sites 7 (Hwy 3301, 8 (1-80 in Iowa county) and 17 
(US 61) need some explanation. 

Cores from site 7 had a gravel coarse aggregate. This was not consistent with the Iowa 
DOT documentation on the project (9). The gravel did contain several suspect particles that have 
exhibited cracking or staining in the cores. Since this coarse aggregate appears to be an anomaly 
(i.e., the coarse aggregate should have been a crushed carbonate stone) this site was not subjected 
to extensive study. The cores from site 8 were highly distressed and it was difficult to deternine 
whether the coarse aggregate was part of the problem. Several individual particles appeared to 
contain some chert that was causing some cracking. However, this same aggregate (Conklin 
quarry) was also used in sites 15 and 16 and normally appeared to be sound in those two 
pavements. Site 17 was chosen as a good pavement site because it did not exhibit any evidence 
of surface cracking. However, the cores indicate that the pavement has become critically 
saturated at the base. This is causing the pavement to fail from the bottom up. Much of the 
failure appears to originate from the crushed dolomite aggregate. Cracking in the coarse 
aggregate and paste is very commn in the bottom third of the pavement. Air voids near the 
bottom of the cores tend to be filled with ettringite. Air voids near the top of the pavement were 
not filled with ettringite. This suggests that drainage was poor. It is interesting to note that site 12 
presently exhibits the early symptoms of distress very similar to those observed at site 17. In 
both instances, it is difficult to place blame only on the coarse aggregate when the actual 
deterioration mechanism is really related to the presence of excess water. For this same reason, 
this author disagrees with the conclusion proposed by Shtzman (10) fiat the deteriorat-ion at site 
2 (US 20 in Hamilton County) can be partially attributed to the coarse aggregate particles. In the 
vast majority of cores extracted from the poor (and good!) sections of US 20, this author has seen 
little evidence of a consistent failure of the coarse aggregate papticles. Rather, in its early stages, 
the deterioration is most prevalent in the mortar phase of the concrete and wically passes 
around aggregate particles. It seems much more likely that the aggregate has cracked because it 
has also become critically saturated due to the extensive cracking in the pavement. This would 
also be in better agreement with the field service record (based on many different projects) for 
this particular aggregate. 

Many occurrences of reactive shale particles were noted in the fine aggregate fraction of 
the core specimens. The shale particles were observed in cores from pavements sites that 
exhibited both ""god" and ""bad" field perfommce. The shale particles were undergoing alkali 
silica reaction, but the distress associated with the particles was very limited and very rarely 
radiated from the fine aggregate particle. This is in good agreement with earlier studies (8,10). 
Chert particles were also observed in the fine aggregate fraction of several cores. The chert 



particles exhibited negligible distress in cores from sites 11 and 12. However, sites 3, 10, 15, and 
16 all contain chert particles that had cracks. The chert particles in sites 11 5 and 16 typically 
exhibit active cracking due to akali-silica reaction. The damage associated with the cracking was 
small and the percentage of chert in the fine aggregate was also small; however, the distress was 
not negligible in this instance because the cracks did occasionally propagate several millimeters 
into the cement paste. 

TABLE 6 Summary of the Petrographic: Examination of Gores Included in This Study 

1 US 20 C-3VVR Limestone coarse Many entrapped None evident Cores appeared to 
aggregate sound; air voids, most except in shale be sound and 
sand sound except smaller than 10 particles durable 
for shale m 

2 US 20 C-3C Limestone coarse Many entrapped Major cracks Segregation or 
aggregate sound; air voids, some as subparallel to top gradation 
sand sound except large as 25 m; of core; frne problems evident 
for shale marry small voids vertical (shrinkage) in most cores (gap 

filled cracks in top 50 graded?); fly ash 
m of cores present 

3 US 169 6-3WR Limestone coarse Many entrapped Major cracks Only joints 
aggregate sound; air voids, some as subparallel to top exhibit cracking; 
sand sound except large as 25 mm; of core; shale and segregation is 
for shale and chert many small voids chert particles are common in cores; 
particles filled cracked many mortar-rich 

regions 
4 Hvvy 175 A-3-F Limestone coarse Entrapped air None evident Cores appeared to 

aggregate sound; voids common but except in shale be sound and 
sand sound except generally smaller particles durable; fly ash 
for shale than 10 mm present 

5 Hwy- 175 A-3-6 Limestone coarse Some small voids None evident Cores appeared to 
aggregate sound; limed but not filled except in shale be sound and 
sand sound except particles durable; fly ash 
for shale present 

5 Hwy 175 A-3 Limestone coarse Some voids lined; None evident Cores appeared to 
aggregate sound; some small voids except in shale be sound and 
sand sound except filled particles durable 
for shale 

7 Mwy330 C-5VVR Gravel coarse Very coarse air Random cracking This was 
aggregate exhibits void system often radiates from supposed to be a 
some cracking aggregate particles; limestone coarse 
due to ASR some surface aggregate 

cracking noted 
8 1-80 C-3WR-C Limestone coarse Entrapped air Surjface (shrinkage) Segregation is 

aggregate exhibits voids as large as cracks penetrate 10 common in the 
some cracking; 20 mm common; to 20 mm; other core; fly ash 
sand exhibits many small voids cracks tend to be present 
some cracking filled subparallel to the 

top of the core 
9 1-80 C-4WR-C Dolomite coarse Most entrain air One surface crack Cores generally 

aggregate sound; voids were open; penetrated to 8 looked good; fly 
sand sound except few entrapped mm; shale particles ash present but 
for shale voids cracked looked less than 

in sites B 0 and I I 



10 1-80 C-4WR-C Limestone coarse Entrapped air 
aggregate sound; voids as large as 
sand sound except 15 mm; many 
for shale and small air voids 
occasional chert filled 

11 1-80 C-WR-c Limestone coarse 
aggregate sound; 
sand sound except 
for shale 

12 1-80 C-4W-C Dolomite coarse 
aggregate mostly 
sound; sand 
particles sound 
(some chert 
observed) 

13 Hwy 2 47-B Class V Limestone coarse 
aggregate sound; 
sand contains 
some reactive 
particles 

Mixed limestone 
and dolomite 
coarse aggregate 
sound; sand sound 
except for shale 
Limestone coarse 
aggregate sound; 
sand contains 
some reactive 
(chert) particles 

Agglomerated, 
distorted 
entrained-air 
voids in some 
cores 
Air void system 
looked 
OK--dispersed 
and very little 
filling (except at 
bottom of cores) 
Few voids 
observed in cores; 
many small voids 
filled 

Coarse entrained- 
air void system; 
many small voids 
filled 

Many entrapped 
air voids in top 75 
mm of cores; 
many small voids 
filled 

Limestone coarse Coarse, 
aggregate sound; agglomerated air 
sand contains voids; many small 
some reactive voids filled 
(chert) particles 

Dolomite coarse Air void system 
aggregate exhibits looked 
cracking at base OK--dispersed 
of core; sand and very little 
sound filling (except at 

very bottom of 
cores where the 

Surface cracking 
noted (one crack 
penetrated 30 mm 
into core); major 
cracks were 
subparallel to top 
of the core; some 
shale and chert 
cracked 
One very fine 
surface crack 
(shrinkage) found 
in core from joint 
area; cracked shale 
A few of the coarse 
aggregate particles 
were cracked in the 
lower half of the 
cores 

Major cracks 
subparallel to top 
of core; surface 
cracks common, 
some penetrate to 
40 mm; fine 
aggregate has sorne 
ASR cracking 
Surface crack 
(shrinkage) 
penetrates 1 l mm 
into core; cracked 
shale particles 
Fine surface cracks 
penetrate 5 to 10 
mm into cores; 
some fine 
aggregate particles 
show active ASR 
crachng 

Major surface 
crack penetrates 30 
rmn into one core; 
major cracks most 
often oriented 
subparallel to top 
of cores; however, 
sorne are random 
Major cracks 
subparallel to top 
of core; the cracks 
are near the bottom 
third of the core; 
many cracks 
intersect dolomite 

Segregation 
andor poor 
gradation 
common in the 
cores; fly ash 
present 

Cores looked OK; 
chert noted in 
sand but no 
cracking evident; 
fly ash present 
Gores look sound 
except for 
infilling in the 
bottom third of 
the cores; fly ash 
present 
Very strange 
gradation-all 
cores appear to be 
very mortar-rich; 
one section only 
contains three 
coarse aggregate 
particles! 
Segregation or 
gap-graded coarse 
aggregate evident 
in many cores 

No major 
cracking noted; 
consolidation 
problem noted; 
some coarse 
aggregate 
particles have 
gaps around them 
Consolidation 
problem noted; 
chert particles 
often exhibit 
active ASR 
cracking 

Joints show more 
deterioration than 
the midpanel 
cores-this 
pavement is 
failing from the 
bottom up 



Laboratory Study 

The laboratory study was conbcted to evaluate how different poeland cements, class C 
fly ash, and a water-reducing admixture influenced premature stiffening and shrikage 
characteristics of pastes and mortars. This was done to evaluate the potential for mix 
incompatibilities to cause field problems, 

Bulk Materials 

The results of the X-ray analysis ofthe cements and fly ash used in this study are given in 
Table 7. The estimates for the primary cement minerals (C3S, C2S, C3A, and C4AF) were 
calculated using the appropriate equations s arized in ASTM C 150 (3). Table 8 contains 
estimates for gypsum (CaS04-2H20), bassanite (CaS04-0.5H20), and anhydrite (CaS04) 
contents that were measured using quantitative X-ray diffraction, and estimates for gypsum and 
bassanite contents that were measured using a thermal analysis (DSC) technique. The anhydrite 
content of the fly ash was also measured using quantitative X-ray diffraction. 

The cements exhibited a wide range of mineral compositions. This was especially h e  for 
the sulfate compounds present in the different samples. Thermal curves and X-ray diffiractograms 
of the extreme cases noted in this project are illustrated in Figure 9. It is apparent that the major 
benefit of the X-ray method, when compared with the thermal analysis method, is that the 
mineral anhydrite can be quantified directly. This is important because anhydmte was a principal 
sulfate phase in three of the five cements that were used in this study. The thermal analysis 
technique can also be used estimate the anhydrite content of a cement; however, an assuqtion 
has to be made prior to performing the calculation. The assumption is based on the equivalence 
of the bulk SO3 content (obtained via and corrected for the theoretical alkali sulfate 
content) to the sum of the other principal sulfate phases (i.e., gypsum, bassanite, and anhydrite). 
Bassanite appeared to be the most co on sulfate compound observed in this study. It is also 
interesting to note %hat gypsum was resent (or present in very small concen&ations) in three 
out of the five cements. The gypsum contents determined by th rent techniques were 
not in good agreement; this was due to preferred orientation in t eteminations. Gypsum 
is notorious for preferred orientation, and it proved to be a difficult task to make the cemel?t 
samples behave like the standards used in this study. Hence, the DSC measurements probably 
give a better estimate of the actual gypsum content of the various cement specimens. 

The fly ash used in this project was typical for that which is normally produced at 
Council Bluffs generating station unit No. 3. The fly ash contained a high analytical calcium 
content and was very reactive with water. Slaking the fly ash with 30 percent water caused the 
paste mixture to stiffen and harden in approximately five minutes. Considerable heat was 
evolved during the setting and hardening process. This is consistent with other s a q l e s  of fly ash 
obtained from this particular power plant (dl'). In addition to the anhydrite present in the fly ash, 
it also contained a small amount of tetra-calcium tri-aluminate sulfate (an expansive cement 
compound that is co only found in shrinkage compensating cements). h X-ray diffiactogam 
of the fly ash is given in Figure 10. 



TABLE 7 Balk Chemistry of the Cements and Fly Ash Used in This Study 

Loss on imition 0.92 1.57 1.01 1.14 1.50 0.3 - 
Na20 0.12 0.1 1 0.06 0.16 0.08 1.5 
MgO 3.37 2.96 3.57 1.38 4.12 7.3 
A1203 4.64 4.25 5.43 3.58 4.51 17.4 
Si02 2 1.08 20.59 21.38 21.17 19.70 31.4 
PzOj 0.29 0.10 0.03 0.24 0.05 0.8 
SO3 2.85 2.55 3.00 2.55 3.72 4.0 
KzO 0.47 0.65 0.61 0.19 1.18 0.28 
CaO 62.48 63.26 62.36 65.53 61.66 29.2 
Ti02 0.2 1 0.19 0.20 0.29 0.20 1.4 
Fez03 3.05 3.26 2.34 3.86 3.03 6.1 
SrO 0.03 0.04 0.03 0.10 0.06 0.43 
Mn203 0.10 0.53 0.06 0.06 0.06 Not measured 
BaO Not Not Not Not Not measured 0.74 

measured measured measured measured 
Total 99.67 200.24 100.09 100.26 99.87 100.8 

Calculated Compounds: 
G3S 50.4 60.6 43.0 69.0 56.1 Not calculated 
e2s 22.4 13.3 28.8 8.6 14.2 Not calculated 
C3A 7.1 5.7 10.4 2.9 6.8 Not calculated 
C& 9.3 9.9 7.1 11.7 9.2 Not calculated 

TABLE 8 Measured Sulfate Compounds in the Cements and Fly Ash Used in This Study 

XRD method 
G w s m  1.6 0.0 0.0 0.0 3.3 0.0 

d A 

Bassanite 2.6 1.9 2.1 3.4 0.0 0.0 
Anhydrite 0.0 1.6 2.8 0.0 2.2 5.2 
Sum 4.2 3.5 4.9 3.4 5.5 5.2 
Expressed as SO3 2.2 2.0 2.8 1.9 2.8 3.1 
XRF SO3 2.85 2.55 3.00 2.55 3.72 4.0 

DSC method 
Gypsum 1.0 0.1 0.1 0.1 2.2 Not measured 
Bassanite 2.6 1.7 2.1 3.4 0.6 Not measured 
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FIGURE 10 X-ray diffractogram of the fly ash sample used in this study. 

Premature Stifelzing Tests (Mortar Nlefhod) 

Typical test results expected from this test method are illustrated in Figure 11. The top 
graph illustrates a mixture that exhibits neither false set nor flash set. This mixture remained 
plastic and exhibited a high penetration value for the duration of the test. The middle graph 
illustrates a mixture that exhibits false set. The penetration values decreased during the test; 
however, the rernix cycle replenished the plasticity of the mixture (i,e., high penetration values 
after the remix, for the duration of the test). Note that the test procedure does not allow for the 
addition of water to the remix cycle. The bottom graph depicts a mixture that rapidly lost its 
plasticity and did not regain it during the remix cycle. This behavior is normally associated with 
quick set or flash set. 

The results of the premaiture stiffening tests conducted on the five different cements are 
sized in Table 9. This was done because all five of the cements produced very similar test 

results. All five of the cements exhibi&d severe premature stiffening. In fact, the results were so 
similar that it would have been difficult to &stinguish between the various cements or the two 
different mixing procedures on any type of a graph. Since the mixes appeared to be rather dry at 
the specified water-cement ratio (wlc = 0.30), several different water contents were evaluated to 
see how that would influence the test results. In addition, the influence of fly ash and water 
reducer was also studied. Many of the tests were conducted using both the standard mix cycle 
and the modified mix cycle. This was done to evaluate the influence of mixing on the test results. 
Raw data are su &zed in Appendix A. 



--------- --- 
No Premature St~ffening i 
- - - - - - -- 

3 5 8 1 I 13 

Time (minutes) 

I 

Faise Set I 

3 5 8 11 13 

Time (minutes) 

7-- --- -- *- 

1 Flash Set 

3 5 8 11 13 

Time (minutes) 

FIGURE 11 Illustration of mortars exhibiting false set and Bash set. 



TABLE 9 Summary of the Premature Stiffing Study for the Control Cements (wlc =0.30) 

Mix Cycle Cement Mix Temperature Penetration 
("0 1 2 3 4 5 (After Remix Cycle) 

Standard Dixon Marquette 25.8 7 4 3 2 6 
Standard Kolnam 24.7 3 2 1 1 50 
Standard Kaiser 22.6 4 1 1 1 50 
Standard LaFarge 22.9 50 4 2 1 50 
Standard Lehigh 25.8 5 2 2 1 15 
Modified Dixon Marquette - 5 2 2 2 3 
Modified Holnam - 24 2 1 I 50 
Modified Kaiser - 4 1 1 1 50 
Modified LaFarge - 50 4 4 1 50 
Modified Lehigh - 9 3 3 15 49 

From the information s arized in Table 9, thee of the cements could be classified as 
false setting (LaFarge, Holnam, and Kaiser). One of the cements could be classified as quick 
setting (Dixon Marquette), and one of the cements (Lehigh) showed a mixed behavior since it 
regained its plasticity in one of the tests. These initial classifications will be re-evaluated after the 
presentation of the rest of the test results because it will become apparent that they are 
oversimplifications of a very complex phenomenon. The behavior becomes even more complex 
when admixtures are included in the mortars. The test results were in general agreement with 
those reported by other researchers (see the test data summarized in Appendix A). It is also 
important to note that the mortar ternperawes for the Lehigh and Dixon Marquette mortars were 
outside the range dictated by the test method (23 + 2°C). Both of the mortars reached 25.8"C, 
and this also suggests that rapid hydration (flash set) was occurring. Lehigh cement had the - - - 

highest tricalcium aluminate content of the five cements in the study, while Dixon Marquette had 
a high alkali content and an intermediate tricalcium aluminate content. No attempt was made to 
reduce the temperature of the mortar because the study also included a series of mixes with 
higher water contents, which brought the mortar teqerature into the appropriate range. 

The influence of water content on premahre stiffening was relatively consistent among 
the various samples of cement. Increasing the water content caused a small delay in the onset of 
premature stiffening. At a water-cement ratio of 0.33, or above, neither the Lehigh nor the Dixon 
Marquette cements exhibited any tendency for flash set. This was true for both of the mixing 
procedures that were used. 

The different mix cycles also had an inkence on the test results. Typically, the modified 
mix cycle aggravated the premature stiffing problems. This is best illustrated by the Kaiser 
cement (see Figure 12). This pa&iculilf. cement contained only bassanlte (CaS04-0.SH20) and it 
had a very low concentration of kicalcium alminate (about 3 percent). Hence, it is a good 
exarnple of a cement that is prone to false set. The cement exhibited similar behavior using either 
the standard or the modified test procedure. The mortar always regained its plasticity after the 
remix cycle. In fact, the Kaiser cement even exliribited premature stiffening d e n  the standard C 
109 mortar cube mixing procedure was used. This mix cycle consists of 90 seconds of mixing, 
90 seconds of rest, d & e n  an additional 60 seconds of mixing. 
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FIGURE f 2 PnBuence of water-cement ratis on the premature stiEening tests. 



In this study, most of the cements tended to exhibit premature stiffening approximately 
five minutes after the water was added to the cement (depending, of course, on the mixing cycle, 
the water-cement ratio, temperature, etc.). Hence, this suggests that the normal field mixing 
cycles (central batch mixer, dump trucks hauling to the paver) should aggravate this problematic 
behavior. No attempt was made to increase the duration of mixing past the onset of the 
premature stiffening (i.e., "mix through" the false set). This seemed redundant because the 
penetration values after the remix cycle always indicated that the mortar would regain its 
plasticity-it was simply a matter of remixing and time. Overall, there was a good correlation 
between the bassanite content of fie portland cement and the false set characteristics of the 
mortar mixmes (see Figure 13). Again, the effects of water-cement ratio and mixing procedure 
on the test results are evident in the figure. 

The use of fly ash and water reducer was also evaluated during this project. This tended 
to complicate the mix proportions because both ahixtures reduce the amount of water needed to 
produce a mortar with a consistency equivalent to a control mortar (cemnt only). Hence, test 
mortars contained about 16 grams less water than the control mortars (is., about a 7 percent 
reduction in water content). This resulted in the proportioning the control mixes at a water- 
cement ratio of 0.36 and the test mixtures at a water-cement ratio of 0.33. These were considered 
equivalent mixtures based on mortar flow. The water-cement ratio of the control mixtures were 
increased from 0.30 to 0.36 because (1) at 0.30 they looked Hry and harsh and were dificult to 
work with and (2) the minor influence of water-cement ratio on premature stiffening as was 
described above. At these water-cement ratios, both the control mortars and the test mortars were 
well mixed and easy to work with. 

The fly ash used in this study typically had a minor influence on the prematsrre stiffening 
properties of the five different cements. This was rather surprising due to the very high reactivity 
and high analytical calcium content of the fly ash. Extended observations were made of the 
mortar penetration and it tended to remain high (i.e., no premature stiffening) thoughout the 
duration of the test. Some cements actually behaved better after the addition of 20 perceIlt fly ash 
to the mortar. 

The water reducer used in this study also appeared to have only a minor influence on the 
premature stiffening properties of the five different cements. Water reducer dosage was normally 
held constant at three ounces per 100 pounds of cement (i.e., thee ounces per cwt). In some 
experiments, the dosage was increased to five and seven ounces per 100 pounds of cement. 
Typically, the mortars containing water reducer still exhibited false set behavior. Again, the 
modified mixing procedure tended to aggravate the premature stiffening problem. 

The combined use of fly ash and water reducer tended to eliminate the premature 
stiffening problems in all of the mortars that were prepared using the standard mixing procedure. 
Premature stiffening was still evident in some of the mortars prepared using the modified mixing 
procedure. All of the instances of premalure stiffening were classified as false set. The mortars 
containing the Kaiser cement behaved oddly during this testing regime. The odd behavior is 
illustrated in Figure 14. The mortar penetration data indicated that the mixes were experiencing 
prematslre stiffening again, approximately 10 to 20 minutes after the remix cycle (refer to the top 
panel of Figure 14). This behavior appeared to be associated with the water reducer dosage (see 
the bottom panel of Figure 14). The mortars were not subjected to a second remix cycle. This 
odd behavior does tend to indicate an admixture incompatibility. It also suggests that the 
observation period used in this study (about 30 minutes after the water was added to the mortar) 
may not have been long enough to catch all instances of this type of behavior. Future studies 
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FIGURE 14 Abnormal beha~or in the premature stiffening tests cansed by admixtures. 



should place more eqhas i s  on finmdamental aspects of this behavior because it suggests "eat the 
solubility of bassanite has been drastically reduced during the early stages of hyhaion (about 
the first 10 to 20 minutes). 

In closing this section, it is important to re to the question of classifying the 
premature stiffening behavior of the five cements and the various admixture combinations used 
in this study. The classification is difficult because the categories are rather arbitrary and they 
depend on many different parameters (e.g., mix cycle, mix temperame, water-cement ratio, 
admixture dosage, etc.). Fom of the five cements (Bixon Marque~e, Lehigh, LaFarge, and 
Holnam) tended to exhibit false set characteristics in most of the experiments. The use of 
admixhrres tended to modify the occuuenee of false set and in some instances appeared to 
eliminate it. The remaining cement (Kaiser) exhibited a purely false set behavior when used in a 
control mortar. However, this cement exhibited momalous behavior when combined with the 
water reducer and fly ash used in this study. The anomalous behavior appeared to be a repetition 
of the false set tendency of the original cement; however, it tended to be delayed (or retardecf) by 
the water reducer. Further studies will be needed to shed more light on this odd behavior. 

Restrained Shrinkage Tests (Paste Method) 

The results of the restrained shrinkage tests are shown in Figure 15. The raw data are 
given in Appendix E. The rating scheme appropriate for this test has already been presented in 
Figure 2. A tabular s ary of the test results for the control specimens is given in Table 10. 
Only the results for the control specimens were given in the table because it was not clear 
whether the rating scheme was appropriate for the cement pastes containing admixtures. The 
dosage rate for the water reducer was five ounces per 100 pounds of cement, and 20 percent fly 
ash was used to replace an equivalent mass of cement. None of the cements received a poor 
rating. 

TABLE IO Results of  the Restrained Shrinkage Tests on the Control Cements 

Cement T h e  to Cracking Rating 

LziFarge 3.0 Questionable 
Lehigh 2.7 Questionable 

When fly ash and water reducer were used, several of the tests produced only a rough 
estimate of the time to cracking. This was because they tended to crack after extended periods of 
time (i.e., odd hours outside the nomal working day). Because the test relied on the presence of 
a techician to record the time to cracking, these particular tests failed to produce a single value. 
The time to craclng was roughly bracketed (see Figure 15; note the times for the Holnam and 
Kaiser cements). This was deemed adequate for the purpose of this study because these mixtures 
were consistent with "good" or "excellent9' ratings. The p q o s e  of the study was to determine 
which cement and admixture combinations produced "poor9' or ""questionable9' ratings. This 
particular test method could be improved by implementing some type of automatic measurement 
strategy to remove the tedium of the long waiting periods. This would allow researchers more 
flexibiliw in designing fomulations that have the potential to greatly increase the restrained 
cracking resistance of the paste mixbres. 
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The largest variable in the test appeared to be the brand of cement that was used. The 
Kaiser cement exhibited exceptional behavior in this test. However, since it had a chemical 
composition similar to a type V cement (but was marketed as a type I-11), it will not be 
considered further in this discussion. The tests indicated that the use of the class C fly ash 
normally increased the time to cracking (refer to Figure 1 6). Only the Dixon Marquette cement 
exhibited a reduction in the time to cracking when used with 20 percent fly ash. Water reducer 
tended to have little influence on the time to cracking. Only the Holnam cement exhibited a 
significant benefit from the use of the water reducer. The other thee cements (Lehigh, LaFarge, 
and Dixon Marquette) tended to show only small changes from the control specimens. The use of 
a combination of fly ash md  water reducer increased the time to cracking for the mixmes 
containing Holnam and LaFarge cements. The remaining two cements, Lehigh and Dixon 
Marquette, exhibited slight reductions in the time to cracking. 

Unrestrained Shrinkage Tests (Paste Method) 
The results of the unrestrained shrinkage tests are shown in Figure 17. The raw data are 

given in Appendix E. The test results were considerably different than those obtained from the 
restrained shrinkage tests, The Kaiser cement still perfomed the best; however, it was only 
slightly better than the Lehigh and LaFarge cements. Holnam cement and Dixon Marquette 
cement perfomed the worst in this test. It is interesting to note that these last two cemenats, 
Holnam and Dixon Marquette, were the only cements that contained significant amomts of 
gypsum (i.e., greater than one percent by mass). In contrast, the restrained shi&age tests 
indicated that Kaiser cement geatIy outperfomed the remaining cements (almost by an order of 
magnitude in some instances). This was followed by Dixon Marquette cement, then Holnam 
cement, then LaFarge cement, and finally the Lehigh cement. Hence, the two test methods only 
agreed on the fact that the Kaiser cement perfomed the best out of the five that were tested. The 
performance of the remaining cements almost appeared to be inversely categorized by the two 
different test methods. 

Test specimens were also subjected to water curing to evaluate the expansion potential of 
the various cements (see Figure 18). Again, the Kaiser cement perfomed the best (is., least 
expansion during the test). It was followed by the Holnsnm and LaFarge cements, then the Lehigh 
cement, and finally the Dixon Marquette. 

The use of 20 percent fly ash in a mixture reduced the umestrained shrinkage for all of 
the cements that were included in &is study (see Figure 17). This was in general agreement with 
the cracking ring study, where four out of five of the cemenrts exhibited improved performance 
when fly ash was added to the mixture. Companion test specimens that were submerged in water, 
rather than allowed to dry in air, indicated that the fly ash had a mixed effect on the expansion of 
the test specimens (see Figure 18). Three of the mixes expanded slightly more than the control 
specimens (on the average, about 0.02 percent more expansion). Of the remaining mixes, one 
was too close to call, while the other mix exhibited a slight reduction in expansion (about 0.02 
percent less than the control specimen). The overall effect was to reduce the extreme values in 
the data set (i.e., low values increased while high values decreased). 

Only the Lehigh cement was used to make detailed evaluations of the influence of both 
fly ash plus water reducer on the mreskained s ~ n k a g e .  This was done because of a lack of 
materials needed to perform the testing on all of the different cements. Increasing the fly ash 
content tended to reduce the unrestrained shrinkage (see Figure 19). However, the mixmes 
appeared to be rather sensitive to the presence of water reducer. Figure 20 illustrates the 
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FIGURE 18 Unrestrained expmsion during water curing for the various mixes. 



Unrestrained Shrinkage - Lehlgh Cement 

------- -- 
+ Control 

Time (days) 

FIGURE 19 hnuence of By ash on the unrestrained shrinkage tests. 

-- 

Unrestrained Shrinkage - Lehlgh Cement 

3cu%wt water reducer (WR) 1 

3oz/cwt WR + 20% ash - a  

3odcwt WR + 35% ash 1 

-0.30 

I 
-0.40 , 

0 10 20 30 40 50 60 70 80 90 100 

Time (days0 

FIGURE 28 Infllrence of water reducer and fly ash on unrestrained shrinkage. 



, +Leh~gh 
-.-a- LaFarge 

I +Holnam 
1.20 - Kazser - -- - 

*- DIX-Mar -- 

1.00 

0.00 ' 
0 50 100 '150 200 250 380 350 400 $50 

Time (minutes after mixing) 

FIGURE 21 Results sf the ASTM C 827 tests for the Gve csntrol cements. 

A S T M  6 8 2 7  T e s t s  

+ L e h ~ g h  + a s h  + W R 

-- L a F a r g e  I 

0 . 0 0  ' 

0 1 0 0  2 0 0 3 0 0 4 0 0  5 0 0  

T i m e  ( m i n u t e s  a f t e r  m i x i n g )  

FIGURE 22 Influence of fly ash and water seducer on the ASTM G 827 tests, 



influence of water reducer and water reducer plus fly ash on the umestrained sknkage of the 
paste specimens. It is evident that the unrestrained shrinkage was increased by the presence of 
water reducer. Increased dosage of water reducer tended to increase the early shrinkage. The 
beneficial influence of the fly ash was not evident when water reducer was incorporated into the 
mixtures. 

Shknkage During Setting and Hardening (Mortar Method) 

The results of the ASTM C 827 tests are illustrated in Figure 2 1. The raw data are given 
in Appendix E. The experimeIlts indicated that all five of the cements exhibited shrinkage during 
setting and hardening. The addition of fly ash and water reducer did cause some changes in the 
shrinkage versus time curves (see Figure 22); however, the changes were within the range of 
behaviors that were observed for the five control mortars. The total number of experiments was 
limited because of lack of sufficiellr materials. None of the experiments produced any sieificant 
evidence of expansive behavior during setting and hardening. 

SUMItlAIPU AND CONCLUSIONS 

ary, a detailed investigation has been conducted on core samples taken from 
seventeen portland cement concrete pravements located in Iowa. The goal of the investigation 
was to help to clarifi the root cause of the premature deterioration problem that has become 
evident since the early 1990s. Laboratow experiments were also conducted to evaluate how 
cement composition, mixing time and admixtures could have influenced the occurrence of 
premature deterioration. However, the reader must be cautious when atteqting to directly 
compare the lab results reported here with the field results from the study of pavement cores. 
This is because they only represent recent samples (circa 1997) taken from any of the cement 
plants. The actual cements that were used to construct the pavement sites being evaluated were 
manufactured almost 10 to 15 years prior to this investigation. Portland cement is like any other 

odity that is manufactured; as raw materials and enviromental conslPaints change so 
does the finished product. The cements used in this study were selected in an a t t e q t  to cover the 

ional parameters pertinent to the consmction industry in Iowa. For the purpose of 
the infomation from multiple pavement sites representing any given section of 

road will be presented together. This aids in comparing and contrasting differences betvveen the 
individual sites. 

1. US 20 in Webster and Hamilton Counties. The cores from US 20 in Webster County 
(site 1) exhibited no macroscopic evidence of premature deterioration. The 
petrographic analysis indicated some evidence of akali-silica reaction (predominately 
shale in the fine aggregate); however, little distress was evident in the cores. Image 
analysis indicated that the hardened air content of the pavement was marginal to 
good. 

The most probable explanation for the premature deterioration of US 20 in Harnailton 
County (site 2) is freeze-thaw damage. This explains the large cracks that were 
subparallel to the top surface of the concrete slab. Image analysis indicated that the 
hardened air content of the pavement was poor to marginal and that most of the small 



air voids had been filled with e ~ n g i t e .  The premature dete~oration was most 
probably enlnanced by excessive drying shrinkage in the top surface of the concrete 
slab, which increased the permeability of the top surface of the pavemernt. The 
increased permeability allowed the slab to become critically saturated. The pavement 
also shows some evidence of alkali-silica reaction (predominately shale in the fine 
aggregate with an occasional chert particle). The damage caused by ASR (i.e., 
cracking from the aggregate extending through the cement paste) was minimal. 

2. US 169 in Webster County. The most probable explanation for the premature 
deterioration of US 169 (site 3) is freeze-thaw damage. This explains Qe large cracks 
that were sub-parallel to the top surface of the concrete slab. Image analysis indicated 
that the hardened air content of the pavement varied from poor to excellent, and that 
many of the small air voids were in the process of being filled with emingite. 
Segregation was co on in all the cores and some areas tended to be mortar-rich. 
The pavement also shows some evidence of alkali-silica reaction (predominately 
shale but also small amounts of chert were noted in the fine aggregate). The damage 
caused by ASR (i.e., cracking from the aggregate extending through the cement 
paste) was minimal. 

3. Iowa Highway 175 in Hamilton Counly. This pavement continues to perfom well 
and exhibits only minimal evidence of deterioration (sites 4,5, and 6). One of the six 
cores that were examined during this study did have very slight cracking at the base 
of the pavement slab near the joint region (site 6). It was not clear if the cracking was 
due to base saturation. In addition, many of the cores indicated that coarse aggregate 
particles had become exposed on the top surface (wearing surface) of the pavement; 
however, this is probably not unco on for a pavement that is almost 20 years old. 
Image analysis indicated that the entrained-air content of the pavement ranged from 
marginal to excellent. However, the mortar air contents of the top three inches of 
cores from .the three sites were a11 classified as good to excellent. The pavement 
shows some evidence of alkali-silica reaction (predominately shale in the fine 
aggregate). The damage caused by ASR (i.e., cracking from the aggregate extending 
through the cement paste) was minimal. 

4. Iowa Highway 330 in Marshall County. This pavement site exhibited an anomalous 
aggregate type. The site was chosen because it was supposed to contain a crushed 
limestone aggregate. However, the site contained a gravel aggregate. Hence, no 
detailed studies were conducted on the cores. Image analysis indicated that the 
pavement had a marginal hardened air content. Pe&ographic analysis indicated that 
several different types of gravel particles (coarse aggregate fraction) exhibited active 
ASR cracking. 

5. 1-80 in Iowa Counly. This pavement (site 8) exhibited extensive cracking that was 
attributed to shrinkage and freeze-thaw attack. In addition, one of the cores had slight 
cracking near its bottom that may indicate sabra"ron at the base of the pavement. 
Image analysis indicated that the hardened air content of the pavement slab was 
typically marginal to poor, especially in the top third of the core. However, one of the 



lower sections from the midpanel region received an excellent rating. Segregation 
on in the cores and mortar-rich regions often were observed in the top half 

of the cores. It was co on to observe large entrapped air voids (diameter = 20 
llnillimeters 10.8 inches]) in the top third of these cores. Cracks, mostly oriented sub- 
parallel to the top of the pavememat core, oilten intersected the entrapped voids. 
Concerns were also raised about the coarse and fine aggregates used at this site. 
However, most of the cracking patterns were inconsistent with those normally caused 
by alkali-aggegate reaction. 

6. 1-80 in DalIas County. This was e?n interesting stretch of pavement because it 
encoqassed three adjacent sites (sites 9, 10, and B 1) that exhibited different levels of 
distress. Macroscopic surface cracking was observed only in the cores extracted from 
the joint region at site 10. However, very fine swface cracking was also observed in 
cores extracted from the joint region of sites 9 and 11. The very fine surface cracks 
required a microscope and surface wetting to enhance the features for easy viewing. 

Site 9 had little distress other than a considerable amount of cracked shale particles in 
the fine aggregate fraction. Although this is indicative of an ASR-sensitive material, 
the cores and the pavement exhibited very little evidence of distress. Surface cracking 
was nearly absent at this site. Image analysis indicated that the hardened air content 
of the pavement was marginal to good. The coarse aggregate in this site consisted of 
Shaffton dolomite. This particular coarse-grained dolomite is rather insensitive to low 
entrained-air cmtents. 

Site 10 exhibited extensive cracking at the transverse joints. Surface cracks were 
present in approxilnately the top 25 millimeters (I inch) of the cores taken from the 
pavement joints. Internal distress consisted of cracks sub-parallel to the top of the 
core. Hence, site 10 was most probably deteriorating because of freeze-thaw attack. 
Image analysis indicated that the hardened air content varied from poor to excellent. 
Petrographic analysis indicated the fine aggregate contained shale and chert particles. 
The shale particles were common and were causing pop outs on the surface of the 
core specimens. Also, staining was noted near some of the coarse aggregate particles 
in the top third ofthe pavement cores. However, little internal distress aplseared to be 
associated with any of these different aggregates. Entrapped air voids as large as 30 
millimeters (I 2 5  inches) were observed on the surface of the core. 

Site 11 exhibited little evidence of deterioration. Some of the coarse agpgate  
particles in the top third of the core did exhibit slight staining; however, no internal 
distress was evident. Image analysis indicated that the hardened air content of the 
pavement slab was poor to marginal; however, the air voids were e i c a l l y  of very 
small diameters (i.e., high specific surface) which caused the apparent spacing factor 
to fall below the 0.2-millimeter (0.008 inch) level. This may help to explain the lack 
of deterioration noted at this site. The only other sigificant diffe~nces between this 
site and site 10 were that differed sources of cement were used and that different 
contractors performed the paving operations. 



7. 1-80 in Cass County. This pavement (site 12) had no evidence of premahre 
deterioration. The only sign of distress exhibited by cores extracted from the 
pavement was very fine cracking at the base of each core. The cracking was always 
limited to the bottom 12 millimeters (0.5 inches) of the core. The significance of this 
feature is not evident; however, it may suggest that the base of the pavement is in the 
process of becoming saturated. Image analysis indicated that the hardened air content 
of the pavement slab was excellerat and was unifom from top to bottom. 

8. Iowa Highway 2 in Fremont county. This pavement (site 13) exhibited pattern 
cracking near the joint regions. The cracks penetrated about 25 millimeters (1 inch) 
below the surface of the core specimens. The cracks appeared to be due to s f i k a g e  
because they rarely intercepted aggregate particles. Pop outs were noted on the 
surface of a core specimen and this suggests the presence of an alkali sensitive 
aggregate. However, few aggregate particles appeared to be producing significarnt 
cracking in the pavement cores. Instead, the major internal cracks tended to orient 
 ems selves sub-parallel to the top surface of the pavement slab. The mix proportions 
used in the concrete mix design were sh-ongly weighted to the fine aggregate fraction 
and this would have increased the potential for shrinkage cracking. Image analysis 
indicated that the hardened air content of the pavement slab was poor to maginal. 

9. Iowa Higlway 160 in Polk County. Site 14 exhibited cracking and broken edges that 
were most noticeable at the pavement joints. Cores extracted from the pavemenst did 
not show much distress. Surface cracking was slight and was observed in cores 
extracted from the midpanel of the pavement slab. Shale particles were producing pop 
outs on the surface of the cores; and hence, the smd fraction did contain some alkali- 
reactive particles. The shale particles did not appear to be producing sipificant 
cracking in the cores. Image analysis indicated that the hardened air content of the 
cores was unifomly poor. In fact, this particular pwement had an average mortar air 
content of less than 2.5 percent. This suggests that the air-entraiment admixhre 
dosage was inconect or the mixing cycle was too brief to create an adequate amount 
of air bubbles. Also, the grading of the coarse aggegate was questionable because it 
appeared to be gap graded. 

10. US 2 18 in Johson County. Sites 15 and 16 exhibited similar cracking patterns. 
However, the distress was considembly more developed at site 16. The basic cracking 
pattern consisted of longibdinal cracking that traversed the whole pavement panel. 
Vibrator trails were readily observed on many of the panels. Segregation problems 
and surface cracking were also noted in cores extracted from both sites. Cores from 
site 15 exhibited little internal cracking. Cores from site 16 exhibited significant 
internal cracking that was o f  en associated with the surface cracking @ranching); 
however, sometimes cracks having random or sub-parallel orientations were also 
observed. Shale and chert pa&icles were producing pop outs on the surface of some 
cores; and hence, the sand fraction did contain some alkali-reactive particles. The 
shale pafiicles did not appear to be producing significant internal cracking in the 
cores. The chert particles produced localized distress via cracking due to ASR; 
however, very few chert particles were obsenred in the cores (typically only a few per 



core). Image analysis indicated that site 15 had a poor to marginal entrained-air void 
system, and that site 16 had a marginal to adequate entrained-air void system. The air 
voids at both sites were often filled with eth-ingite. This suggests that water has 
penetrated deeply into the pavement slabs. These two sites appeared to have many 
problems in common, which included construction-relskeed deficiencies, poor 
entrained-air void systems and alkali-reactive particles in the fane aggregate. 

1 1. US 64 in Scott County (site 17). This pavement exhibits no surface cracking but the 
base of the joints show extensive damage. Image analysis indicated that the entrained- 
air void system ranged &om marginal to good; however, the marginal value occurred 
at the base of the pavemellt slab near the transverse joints. The low entrained-air 
value was associated with extensive ettringite deposits in the air voids. Hence, this 
pavement is failing from the bottom up. Core extraction was good to about 150 
millimeters (6 inches) but poor from the bottom of most holes (i.e., bottom was 
mbble). The damage appears to be related to critical saturation and Ereeze-thaw 
attack. However, many of the coarse aggregate particles (dolomite) also exhibit 
cracking and rim formation in the bottom 50 to 75 millimeters (2 to 3 inches) ofthe 
pavement slab. This pavement is a good example of how sewice life can be 
incorrectly assigned when it is only based on surface obsesvations. Better estimates of 
service life could be assigned if the assessments were based on both surface 
observations and petrogaphic examination of cores from the pavement. Improved 
drainage could have probably eliminated this problem. 

12. The hardened air content determinations conducted during this study indicated that 
the pavements that exhibited premature deterioration often contained poor to marginal 
entrained-air void systems. Only one out of the nine pavements that exhibited 
premature deterioration had an average mortar air content greater than six percent 
(this corresponds to a concrete air content of about 3.8 percent). In contrast, only one 
out of the eight pavements that performed adequately had an average mortar air 
content of less than six percent. In addition, petrographic studies indicated that 
sometimes the entrained-air void system had been marginal after mixing and 
placemellt of the pavement slab, while in other instances a marginal to adequate 
entrained-air void system had been filled with ettrillgite. In either case, the results of 
this study suggest that the durabiliq, more specifically the frost resistance, of the 
concrete pavements should be less than anticipated during the design stage of the 
pavements. 

13. Laboratory studies indicated that all five of the cements used in this study were prone 
to premawe stiffening problems. The problematic behavior was greatly exaggerated 
by reducing the water-cement ratio or decreasing the mixing cycle. In mortar mixes 
with plastic consistencies, the premature stiffening was most commonly classified as 
false set, However, these tests tended to be very sensitive to the water content of the 
mixture and sometimes produced inconsistent results when the water-cement ratio 
was held at the specified value of 0.30. The bassanite (CaS04-0.5H20) content of the 
cements was strongly correlated to the results of the premahre stiffening tests. The 



fly ash and water reducer used in this study appeared to have only a minor influence 
on the results of the premame stiffening tests. 

14. The restrained shrinkage tests indicated that two of the three portland cements 
commonly used in Iowa, tended to be sensitive to early shrikage cracking. Again, 
the use of fly ash andor water reducer tended to have little influence or a positive 
influence on the test results. 

15. The unrestrained shrinkage tests produced results that were considerably different 
from the restrained slhrinkage tests. The cement control specimens hiled to produce 
the same perfomance rankings as were indicated in the restrained shrinkage tests. 
Companion specimens cured in water exhibited expansion that varied considerably 
among the five different cements, Typically, the use of fly ash tended to decrease the 
unrestrained shrinkage but also tended to increase the expansion in water of the 
various test specimens. This behavior is consistent with the obsewation of periclase 
in the fly ash. A limited number of tests were conducted that indicated that the use of 
water reducer tended to increase the early drying shrinkage of one of the cements that 
was prone to early shrinkage cracking. 

16. The ASTM C 827 tests indicated that mortars cormtaining the various cements 
exhibited shrinkage during setting and hardening. The magnibde of the shrinkage 
varied considerably with the five different brands of cement. A limited number of 
tests incorporating admixtures were conducted using the two cements that were 
identified as being prone to restrained shrinkage cracking. These tests produced 
results &at were within the range of results obtained from the control mortars. Hence, 
it was tentatively concluded that mortars containing admixtures generally followed 
the same shrinkage tendencies e&ibited by the control mortars during setting and 
hardening. The use of admixtures did significantly extend the mortar setting times 
relative to the control mortars. 

Closing Comments 

In closing, it seems important to give a su ation of how the laboratory work may help 
to explain the deterioration noted in the pavement cores. Several featblres were consistently 
observed in many of the core specimens. These features included (1) large entrapped-air voids; 
(2) segregation; (3) surface cracking; (4) enh-ained-ak voids filled with ettringite; (5) cracked 
fine aggregate particles (ovenvhelmingly attributed to shale particles); and (6) macrocracks and 
microcracks often oriented subparallel to the top surface of the core. 

Features 1 and 2 suggest plastic concrete (workabiliq) problems in the field. Problems of 
this type were easily predictable from the laboratory phase of this study. The problem was 
diagnosed as severe false set and this type of problem was primarily related to the cement used 
on any given project. However, as was shown in the laboratory phase of this study, water-cement 
ratio, teqerature and admixtures sometimes can also play significant roles. Test methods (both 
physical and quick chemical techniques) are now available that can help to identify this problem. 
It is important to note that cores extracted from eight out of the 17 pavements in this study, 
exhibited moderate to severe segregation. All eight of the sites that exhibited segregation were 



also on the list of pavements that exhibited premature deterioration. Field experience has 
indicated that excessive vibration is normally used to place concrete of low (and rapidly 
decreasing) slump. Excessive vibration causes segregation, and it also has the potelltial to 
destroy the entrained-air void system of the concrete. 

Surface cracks, filled air voids, and macroscopic cracks subparallel to the top of the 
pavement cores (is., features 3,4, and 6) were often observed in unison, The surface cracks 
often appeared to be caused by shlakage. Again, this is in good agreement with the results of the 
laboratory study, which indicated that some of the cements were sensitive to sfinkage and 
restrained-shrmkage cracking. Typically, cements that exhibited early cracking in the restrained 
shinkage tests were used on the majority of pavements that exhibited premature deterioration. It 
is important for the reader to employ great caution when interpreting this observation because the 
selection of sites for this study had no rigorous statistical design. Hence, there is no definitive 
way of testing the relationship between laboratory cracking and field cracking to see whether 
they are interrelated or whether they occurred by pure chance. The filled voids and subparallel 
cracks were often the primary features evident in the pavements that exhibited premature 
deterioration. These features suggest a permeability problem. This is odd because the mix 
designs used for Iowa pavements should be very iznpemeable. This is due to the high cement 
content and low water-cement ratio thatare co only used in the mixes. Hence, the surface 
cracking appears to play a significant role in this mode of deterioration because it allows water to 
penetrate into the pavement. Eventually the pavement reaches critical saturation and freeze-thaG 
attack begins. The selection of this mode of deteriora~on over the distress caused by alkali-silica 
reaction (feature 5) was mostly dictated by the size and frequency of the subparallel cracks when 
cornpared to the number of active cracks caused by ASR. In addition, many of the sites exhibited 
entrained-air void systems that were marginal to poor. The cracked shale particles were co 
in most of the pavement sites (i.e., both ""good" and ""bad sites) and they rarely produced 
evidence of active ASR cracking. This is not meant to downplay the significance of alkali-silica 
reaction in Iowa pavements. This research project noted a few instances where aggregate related 
problems, notably chert particles in the fine aggregate, contributed to the distress observed in the 
pavement. However, the point of this argument is that the shrinkage cracking certainly enhances 
the potelltial for both ASR and freeze-thaw attack because it allows water to quickly penetrate 
into the pavement slab. Water plays such an important role in the deterioration process that all 
efforts should be made to rninimize surface cracking. This was the crux of the hypothesis set 
forth by Marks, Schlorholtz, and Gress, which attempted to explain the premature deterioration 
problem (this hypothesis was never published but it has been reproduced in Appendix F). 

Other authors have also published models that describe the importance of early cracking 
in the deterioration of portland cement concrete sh-uctures (12,13). Diagrams depicting the 
wor t an t  features of these particular models are shown in Figures 23 and 24. 

The model depicted in Figure 23 was meant to explain the damage associated with ASR. 
However, this same model would apply to freeze-thaw damage if one wodd allow (1) water to 
flow down through the surface cracks and (2) the concrete to be exposed to cyclical freezing and 
thawing (better known as winter and spring in Iowa). When the concrete reaches critical 
saturation, freeze-thaw attack would cause the interior of the slab to expand (as depicted in the 
figure). In fact, several of the observations of internal cracking documented by Stutzman (10) 
and also observed during this study, indicated significant branching of the surface cracks as they 
penetrated into the concrete cores (e.g., see Figures 32 and 43 from [10]). This observation, 



Stage one 
Drying surface 

Figure 23 Model for concrete deterioration (adapted fmm Farny and Kosmatka [62]), 

Environmental action 
(Stage 2, initiation and 

attack on aggregates propagation cf damage) 
freezing of water apenetration of water 

*penetration of 0, and CO, 
*penetration of acidic ions, 

e.g., CI- and SO;- 

Figure 24 Ho5stic model far concrete deterioration (extracted from Mehta [Id]). 



coupled with the very poor hardened air contents of many of the pavements investigated in this 
study, provide strong support for the freeze-thaw deterioration ar 

The model proposed by Mehta (63)  gives a holistic appro ncrete deterioration. 
The model applies to all modes of distress and clearly indicates the impofiance of the ""loss of 
watertightness" in allowillg enviromental factors to propagate the damage. The model also 
avoids the reductionist approach of associating only a single cause for any observation of 
distress. This is in much better agreement with real field situations where it is extremely co 
to obsewe several deterioration mechmisms acting concwrently on concrete from any given site, 
It also helps to emphasize the role of water in the deterioration of concrete. 

Recommendations 

This research progrm has again indicated that many discrepancies exist bemeen the 
concrete pavements that are placed in the field and the laboratory concrete specimens that are 
nomally used to assess the strength and durability characteristics of any given mix design. Most 
of these differences arise from the fact that the laboratory mixing, placement, and curing 
procedures are of an ideal nature; ;and hence, they represent an upper bound to the properties that 
can be expected from the concrete. The reco endations stated below were drafted in an 
attempt to minimize or eliminate these discrepancies. 

Homogeneous and plastic concrete must reach the paver. For central plant concrete 
mixers, this can normally be accomplished by optimizing the mixing time needed for 
the materials used at each specific project. Note that field conditions (e.g., 
temperawe, relative humidity, wind speed) and the potential for cement or cement- 
admixture problems can cause problems. Hence, minimum and maximm mixing 
cycles need to be set and they need to be strictly adhered to. If field conditions or 
cement/admixtures change then the mixing cycle needs to be re-evaluated (and 
adjusted if necessary). The goal of the mixing cycle is to produce well-mixed, plastic 
concrete that contains the proper volume of well-dispersed entrained-air voids. 

Paving operations should proceed in a manner that minimizes segregation and 
maximizes the retention of the entrained-air voids. This indicates that the vibrator 
frequency and track speed of the paver need to be constrained within specific 
operating limits. Again, the limits need to be set based on prior experience, field 
conditions, and materials constraints. The paver should not be used to compensate for 
mixing problems or premature stiffening problems because this leads to durabiliw 
problems. 

The shrinkage characteristics of the cements used in this study indicate that changes 
in mix design may provide improvements in concrete durability. The changes in mix 
design would include both refinement of the aggregate grading plus the use of 
admixtures. Obviously, there will be a balance between workability and shrinkage-it 
will be a major task to maximize the first property while minimizing the other. 
However, it seems unlikely that the cement industry will refomulate cement 
composition or decrease fineness to meet the needs of the paving industry. 



Base drainage should be improved. Several of the pavemetlt sites evaluated in this 
study indicated that they were deteriorating because of a sabrated base. Water is the 
real culprit in these instances and it is simplest to drain the water away from the 
pavement shcture. 

Recommendations for Further Research 

There were several items noted during the research project that would benefit from 
further investigation. They include the following: 

1. Improvement of the SEM entPained-air void measurements by incorporating an 
estimate of the paste content of the section being analyzed. This would help to 
calculate better global estitnates of the spacing factor of the concrete sections. With a 
modest investment of research time, one could also probskbly obtain an estimate of the 
water-cement ratio of the concrete section. Both of these estimates would be useful 
when afiempting to diagnose the reason for poor field performance. This would fit 
nicely into a research program extending the durability testing that was originally 
conducted under research project I11R-396. That project illuskated the potential of 
using apparent air void distribution cuwes to document (and predict) the pefiomance 
of laboratory concrete, rather than the h-aditional global estimates such as spacing 
factor. However, HR-396 failed to create test specimens in the range that was critical 
to the study of many of the core specimens "&hat were observed in this study. 

2. Restrained shrinkage tests tended to separate the cements into groups that roughly 
agreed with the field observations of deterioration problems. However, these 
shrinkage tests were conducted on paste specimens that bear little resemblance to 
field concrete. Hence, it would be wise to repeat the restrained shrinkage tests using 
mortar or concrete spechens to validate the results of the paste tests. A curing study 
should be mn concunrently with this project because of the potential to misintevret 
the influence of curing on the obsewed test response. The research program should 
also attempt to clarify the role of different types of shrinkage (i.e., plastic skrinkage, 
autogeneous shrinkage, and drying shridage) on the durability of co 
DOT concrete mixes. The results of this study suggest that water sorption would be 
an adequate technique for monitoring the ""durabq" of test specimens because of 
the close link betureen saturation and poor field performance. 

3. The interaction between bassanite and the water reducer was noted earlier in this 
report. The reason for this interaction, and its relationship to premature stiffening, 
needs to be evaluated in more detail. This is important because bassanite is often one 
of the major sulfate phases present in Iowa cements. 
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APPENDIX A: MODWED ASTM C 359 TEST NZETHOD AND TEST RESULTS 

Early Stiffening of Portland Cement 

ASTM C451 (Paste Method) and ASTM C359 (Mortar ~ e t h o d )  Rave 
b e e n  u s e d  t o  d e t e c t  e a r l y  s t i f f e n i n g  o f  p o r t l a n d  c e m e n t .  
However, in instances where the mix cycle is less than 90 seconds 
(concrete mobiles and precast plants) it has been found that the 
regular ASTM tests do not identify or account for the r a p i d  
stiffening observed in the field. Thus, ASTM C359 (Mortar 
Method) has been modified by changing the mix cycle as indicated 
below. The correlation with field experience has been excellent. 

ASTM C359 Modified 

Mixing of Mortar--The mixing shall be done in the mechanical 
mixer as follows: 

Place the sand and cement in the dry bowl. and mix the dry 
materials for a few seconds with the spoon. 

P l a c e  the bowl in the mixer. set the paddle in place, and 
mix the dry materials for 10 s at slow speed. 

W L t h - t h e - ~ l x e r - o ~ e r a t 1 ~ ~ ~ a ~ - ~ 1 o w - ~ s ~ e e d ~ - s ~ ~ - ~ k ~ - ~ ~ ~ i ~ s - ~ ~ ~ ~ ~  
t L t ~ - o f - m ~ x L n ~ - w a L e r ~ w I t h L 1 1 ~ 5 - s ~ ~ a ~ d - c o ~ L L ~ ~ ~ - ~ ~ ~ i ~ ~ - ~ t - ~ L ~ ~  
speed for I min, timing from the first addition of water. _ ___-______-______I__ ___________________----_--------- 

Immediately after completion of the mixing, remove the bowl 
and fill t h e  container. Release the plunger 2 rnin a f t e r  t h e  
beginning of the wet mixing and record, as the initial penetra- 
tjon. 

The remaining penetration times should be reduced by one min 
since one rnin has been deleted from the original testing proce- 
dure. 

The report shall show the depths of the penetrations as fol- 
lows : 

Initial penetration ----- mm 

4-min penetration ----- m m  

7-min penetration ----- mm 

10-min penetration ----- m m 

Remix penetration ----- mrn 



Champ: Here are t he  r esu l t s  o f  "Early S t i f f e n i n g  o f  Port land Cement". The 
t e s t i n g  was done using the standard ASTM 6-359 mixing method and a lso  
modi f ied mix ing method. 

Lab. No. Cement Source *Std. C-359 

AC3-38 La f  arge I n i t .  pen. 50 mm 
4 min. pen. 50 mm 
7 nin.  pen. 48 mm 

10 min. pen. 46 mm 
Remix pen. 50 mm 

ACV3-6 Cont inenta l  I n i t .  pen. 8 mrn 
4 min. pen, 7 mm 
7 mine pen. 6 mm 

10 nin.  pen. 5 mm 
Remix pen. 49 mm 

ACV3-9 i e h i g h  I n i t .  pen. 10 mm 
4 min. pen, 11 mm 
7 min. pen. 10 mm 

10 min. pen. 7 mm 
Remix pen. 8 mm 

AC3-43 Hol narn i n i t .  pen. 50 mm 
4 min. pen. 50 mm 
7 min. pen. 46 mm 

10 min. pen. 47 mm 
Remix pen. 50 mm 

AC3-49 Lehigh I n i t .  pen. 9 mm 
4 min. pen. 6 mm 
7 min. pen. 7 mm 

10 mine pen. 6 mm 
Remix pen. 10 mm 

Fineness **Modified C-359 

352 I n i t .  pen. 45 m 
4 min. pen. 35 mm 
7 min. pen. 12 mm 

I 0  min. pen. 9 mm 
Remix pen. 50 mm 

374 I n i t .  pen. 9 mm 
4 min. pen. 3 mm 
7 min. pen, 3 mm 

10 min. pen. 3 rnm 
Remix pen. 44 mm 

3 59 I n i i .  pen. 12 mm 
4 min. pen. 8 mm 
7 nin. pen. 7 mm 

10 min. pen. 6 mm 
Remix pen. 12 mm 

374 I n i t .  pen. 48 rnm 
4 min. pen 35 mm 
7 mine pen. 14 mrn 

10 min. pen. 10 mm 
Remix pen, 48 mm 

360 I n i t .  pen, 5 mm 
4 min. pen. 7 mm 
7 min. pen, 3 mm 

10 min. pen. 3 mm 
Remixpen. 7 m  

AC3-50 Ash Grove I n i t .  pen. 49 mm 359 I n i t .  pen. 44 m 
4 min. pen. 47 mm 4 min.  pen. 15 m 
7 min. pen. 46 mm 7 min. pen. 8 mm 

10 mine pen. 28 mm 10 min. pen, 7 mrn 
Remix pen. 50 mm Remix pen. 44 mm 

* A l l  mix ing was done according t o  ASTM C-359. 

** A11 mixing was done according t o  modified mix ing.  
I ns t r uc t i ons  w i t h  mixer operating at  slow speed f o r  1 minute t iming 
from f i r s t  a d d i t i o n  o f  water. 
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Table of Core Locations----TR-406 
Site County Road Approximate Station No. Number of Cores 

Mile Post 
1 Webster US 20 westbound 127.55 2002, passing lane 2 @joint, 

1 @ midpanel, 
1 @ exit lane, 

2 Harnilton US 20 westbound 135.4 near station 49, 2 @joint, 
passing lane 1 @ midpanel 

3 Webster Hwy 169 southbound near station 2002, 2 @joint 
passing lane 

4 Hamilton IA 175 

5 Hamilton IA 175 

6 Hamilton 1.4 175 

7 Marshall IA 330 northbound 6.8 

8 Iowa 1-80 eastbound 210.36 
driving lane 

9 Dallas 1-80 Van Meter 107.55 eastbound 

10 Dallas 1-80 Van Meter 1 13.25 eastbound 

11 Dallas 1-80 Van Meter 1 16.2 eastbound 

143, westbound Iane 

191, eastbound lane 

244, eastbound lane 

509, driving lane 

810+40, driving lane 

966-i-20, driving lane 

2 @joint, 
I @ midpanel 
2 @joint, 
1 @ midpanel 
2 @joint, 
1 @ midpanel 
1 @joint, 
1 @joint, 
1 @ rnidpanel 
2 @joint, 
I @ midpanel, 
driving lane 
2 @joint, 
1 @ midpanel 
2 @joint, 
1 @midpanel 
2 @joint, 
1 @ midpanel 

12 Cass 1-80 by Anita 68 westbound About 1019, driving 2 @ joint, 
lane 1 @ midpanel 

13 Freernont IA-2 Nebraska City 2.6 westbound 1499, driving lane 2 @joint, 
exit 1-29 1 @ midpanel 

14 Polk IA- 160 stub Not known 362, driving lane 2 @joint, 
eastbound I @ midpanel 

15 Johnson US-21 8 southbound near 95 (? 95.45) 1658 I @ joint, 
passing lane 1 @ midpanel 

16 Johnson US-218 northbound 91.96 near 1498 2 @ joint, 
passing lane 1 @ midpanel 

17 Scott US-61 northbound near 125 524+90, I @joint, 
driving lane 525+20, I @ midpanel, 
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TR-906 - Concrete Carl3 Lag-ln Form 
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APPEMIX D: PETROGWPWIG SmMAIRIES AND SITE INFORMATION 



Site 

1 2 3 4 5 6 7 8 9 
10 
11 
12 
13 

14 
15 
16 
17 

R
oadK

ounty 

U
S 20/W

ebster 
U

S 20lH
arnilton 

H
w

y 169N
V

ebster 
H

w
y 175/H

am
ilton 

p
p
 

L
ocation 

W
B

, M
P

 127.55, sta 2002 
W

B
, M

P
 135.4, sta 49 

SB
, near sta 2002 

W
B

 lane, M
P

 156.2, sta 143 

Prem
ature 

distress 
N

o 
Y

es 
Y

es 
N

o 

0.49 

0.46 
0.38 

0.45 

7
 

0.43 
0.43 

0.42 m
ax. 

05/07 to 05/27/80 

05/07 to 05/27/80 

08/15/1983 
08/24 to 09/25/87 

05/13/1988 
08/31/1989 
06/02/1989 

04/12 to 08/15/98 
07/01/86 through 

04/28/1987 
? 

08/21/1984 
10/23/1984 
N

ot on card 

H
w

y l75M
am

ilton 
A

-3-C
 

Q
uad C

ity 
C

onstruclion C
o. 

Q
uad C

ity 
C

onstruction C
o. 

C
arlson 

Jensen 
Jensen 
C

arlson 
Jensen 
C

arlson 
G

odbersonISm
ith 

U
.S A

rm
y C

o
y

. 
M

cC
arthy 

M
cC

arthy 
Q

uad C
ity 

C
onstruction C

o. 

H
w

y 175/H
am

ilton 

H
w

y 33O
/M

arshall 
I-80D

ow
a 

I-80ID
allas 

I-8O
ID

allas 
I-8O

ID
allas 

I-801C
ass 

H
w

y 2IFrem
ont 

H
w

y l60/Polk 
U

S 21 8IJohnvon 
U

S 21 8/Johnson 
U

S 61/Scott 

la D
O

T
 

m
ix design 
C

-3W
R

 
C

-3C
 

C
-3W

R
 

A
-3-F 

W
aterlcem

ent 
ratio 
0.40 
0.48 
0.49 

Paving dates 

10/23/1986 
05/20/1986 

lo
ll 0/90 to 10/30/90 

05/07 to 05/27/80 

p
p
p
p
 

E
B

 lane, M
P

 158.3, sta 244 

N
B

 lane, M
P 6.8, sta 74 

E
B

, M
P

 210.36, sta 298 
E

B
, M

P
 107.55, sta 509 

E
B

, M
P

 113.25, sta 810 
E

B
, M

P 116.2, sta 966 
W

B
, M

P
 68, sta 1019 

W
B

, M
P

 2.6, sta 1499 

E
B

, near sta 362 
SB

, M
P

 95.45, sta 1658 
N
B
,
 M

P
91.96, sta 1498 

N
B

, M
P

 125, sta 525 

C
ontractor 

C
arlson 

C
arlson 

C
arlson 

Q
uad C

ity 
C

onstruction C
o. 

N
o 

Y
es 

Y
es 

N
o 

Y
es 

N
o 

N
o 

Y
es 

Y
es 

Y
es 

Y
es 

N
o 

A
-3 

C
-SW

R
 

C
-3W

R
-C

 
C

-4W
R

-C
 

C
-4W

R
-C

 
C

-4W
R

-C
 

C
-4W

R
-C

 
47-B

 C
lass V

 

U
nknow

n 
C

-3W
R

 
C

-3W
R

 
C

-3W
R

 



Highway: US 20NVebster.WB. MP 127.55. sta 2002 
Mix details: 6-3WR 

Coarse Aggregate: Ft. Dodge Limestone 
Fine Aggregate : Croft sand 
Cement Lehigh 
Fly Ash None 



Highway: US 20iHamilton WB, h.IP 135.4, sta 49 
Mix details: C-3WR-G 

Coarse Aggregate: Ft. Dodge Limestone 
Pine Aggregate : Yates sand 
Cement Lehirrh 
Fly Ash Port Neal 4, @, 15% replacement 

I Section C I Sand contains shale I than the top [ cracked shale I ? Gap graded 

Sand contains shale 

Section C I 

Many small voids completely filled 

Many small voids completely filled 



0,0400 E A  A23.2-14A 8lkali-Siiicc "Test Method ASTM C1293-95 
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Mwimum allowable expansion ot two yesrs is 0.04% (with flyesh) 

0.0000 ! 1 I 1 I I I i -my 
2 4 6 8 10 42 44 16 18 20 22 24 

Months 

0.0400 1 
CSA A23.2-14A Alkali-Sijica Test Method ASTM C1233-95 

0.0050 
Maximum allowable expansion at one year is 0.04% (no flyash) 
Maximum aliowabie expansion at two years is 0.04% (with flyash) 

0,0000 
2 4 6 8 10 12 44 16 18 20 22 24 

Months 



Highway: Hrn~ 169NVebster SB, near sta 2002 
details: C-3WR 

Coarse Aggregate: Ft. Dodge Limestone 
Fine Aggregate : sand 
Cement Lehigh 
Fly Ash None 

Trans. Joint 
Section A 

Trans. Joint 
Section B 

Liaestone sound 
Sand contains shale and 

some chert 
Limestone sound 

Sand contains shale 

most commonly 
Segregation c o m o n  in cores, 
some areas very rich in mortar 

and devoid of coarse agg. 
Segregation c o m o n .  



Highway: Kv;rv 175/Hamilton WB lane. MP 156.2. sta 143 
Mix details: A-3-F 

Coarse Aggregate: Moberlv Mine (Alden) 
Pine Aggregate : Hallel sand 
Cement Penn Dixie 
Fly Ash Port Neal 3, 17% bv mass 

Core Location & 

Sand contains shale 

Sand contains shale 

Sand contains shale 

Sand contains shale  racked shale 

Observations: scanning electron microscopy 
I ~ocat ion & I Air Content, % 1 Area Weighted Mean ] Comments 



Highway: Hwv 175Mamilton EB lane. MP 157.5, sta 191 
Mix details: A-3-C 

Coarse Aggregate: Moberlv Mine (Alden) 
Fine Aggregate : Hallet sand 
Cement Penn Dixie 
Ply Ash Council Bluffs. 15% 

Core Location & Comments 

Sand contains shale 

Midpanel 
Section B 

Sand contains shale 

Sand contains shale 

Section A I 



Highway: Hwv 175Elamilton EB lane, MP 158.3, sta 244 
Mix details: A-3 

Coarse Aggregate: Moberlv Mine (Alden) 
Fine Aggregate : Hallet sand 
Cement Penn Dixie 
Fly Ash None 

Core Location & Comments 

Limestone sound No surface cracks 

Sand contains shale 

Sand contains shale 



Highway: Hwv 330Marshall NB lane. MP 6.8. sta 74 
Mix details: C-5VVR 

Coarse Aggregate: Gravel. source unknown (may be Hallets pit) 
Fine Aggregate : Sand. source unknown (may be Hallets pit) 
Cement Davenport 
Fly Ash None 

ore Location & Comments 

carbonate rock. 



Highway: I-80IIowa EB, MP 210.36. sta 298 
Mix details: C-3WR-C 

Coarse Aggregate: Conkkin 
Fine Aggregate : Kimmich 
Cement Davenport 
Fly Ash Louisa, 15% 

Core Location & 

Limestone sound 
Sand sound 

Trans. Joint 
Section B Sand questionable 

Trans. Joint 
Section C 

Limestone questionable 
Sand sound 

Surface cracks penetrate 
about 1 0mm into core 

coarse aggregate particle, 

Midpanel 
Section A 

Extra Core 
Section A 

Limestone questionable 
Sand sound 

Occasional cracked 
coarse aggregate particle 

Sand sound 

Limestone sound Surface cracks common, 

No surface cracks, 
coarse agg sometimes 

common and often are 

moved over and 



Tilighway : 1-XO/Dallas EB, MF' 107.55, sta 509 
Mix details: C-4WR-C 

Coarse Aggregate: Shaffton (dolomite) 
Fine Aggregate : Van Meter sand 
Cement Davenvort 
Fly Ash Council Bluffs, 1 5% 

Observations: Visual inspection and light microscopy 
I Core Location & 1 Aggregates Voids I Cracks 1 Comments 

Sand contains shale 

Sand contains shale 

Midpanel 
Section A 

Dolomite sound Cracked shale also noted 
Sand contains shale 

as l5mm &am. this section 



Highway: I-80Dallas EB, MP 113.25, sta 810 
Mix details: C4WR-C 

Coarse Aggregate: Alden 
Fine Aggregate : Van Meter sand 
Cement Daven~ort 
Fly Ash Council Bluffs, 15% 

Core Location & Comments 

Sand contains shale an 

gradation noted 



Highway: I-XOIDallas EB. MP 116.2. sta 966 
Mix details: C-4WR-C 

Coarse Aggregate: Alden 
Fine Aggregate : Van Meter sand 
Cement Ash Grove 
Fly Ash Council Bluffs, 1515% 

Sand contains some 

Comments 

Very fine surface cracks 

Many coarse agg particles 
aligned with the top of the core 

Several chert particles noted but 
none were cracked 

A couple of chert particles 
noted but none were cracked 

Observations: scanning electron micraseopy 
Location & I Air Content, % [ Area Weighted Mean / Comments 



GONCR ON VAN METER SAND m0M 

0.04001 B A  A23.2-14A Alkali-Silica Test Method ASTM c7 293-95 

j 

0,0050 
Maximum allowable expansion at one year is 0.04% (no flyash) 
Maximum ailowabie exponsicn at two years is 0.04% (with flyash) 

8*0000 .-lr_.117- _IT_ _ 1 
2 4 6 8 10 12 14 16 18 20 22 24 

Months 



Iiighway: I-80ICass WB, MP 68. sta 1019 
Mix details: C-4WR-C 

Coarse Aggregate: Shaffton (dolomite) 
Fine Aggregate : Finlev sand 
Cement Ash Grove 
Fly Ash Council Bluffs. 15% 

Obsemations: Visual inspection and ligb 

Sand sound 

microscopy 
Voids 

Irregular 
entrapped voids as 

large as I O m  
Some filling noted 

in this section 

Cracks Comments 

None evident I 
I 

No surface cracks 

None evident / Some light c o l o r e m 1  
1 coarse aggregate particles 
i 

ash noted 



Highway: H w  2JFrernont WB. PdP 2.6, sta 1499 
Mix details: 47-B Class V 

Coarse Aggyegate: Wee~inrz Water -- 
Fine Aggregate : Orea~olis 
Cement Ash Grove 
Fly Ash None 

Core Location & Goments  

about 8 m  into core 

Limestone sound 

Section A I I 



Highway: Hwl601Polk EEB. near sta 362 
Mix details: Unknown (US Army Corn. Proiect) 

Coarse Aggregate: Ames Mine 
Fine Aggregate : ? Hallet sand 
Cement Unknown 
Fly Ash None 

Core Location & 

Sand contains shale 

Sand contains shale 

Midpanel Coarse agg. sound Surface crack All angular coarse aggregate 
Section A Sand contains shale penetrates to 1 I mm particles oriented with top 

Observations: scanning electron microscopy 
I Location & / Air Content, % I Area Weighted Mean I Comments 



Highway: US 2181Johnson SB, MP 95.45, sta 1658 
Mix details: C-3WR 

Coarse Aggregate: Conklin 
Pine Aggregate : Stevens 
Cement Davenport 
Fly Ash None 

Sand questionable 

Comments 

in most sections 



Highway: US 218/Johnson NB, MP 91.96, sta 1498 
Mix details: C-3WR 

Coarse Aggregate: Conklin 
Fine Aggregate : Stevens 
Cement Davenport 
Fly Ash None 

Core Location & Comments 

Limestone sound 

I I I to top of core 1 

Observations: scanning electron microscopy 
Location & ( Air Content, % I Area Weighted Mean / Comments 



Highway: US 6lIScott NB, R.IP 125, sta 525 
Mix details: C3WR 

Coarse Aggregate: McCausIand 
Pine Aggregate : McCausland Pit 
Cement Lehigh 
Ply Ash None 

Dolomite sound No surface cracks 

a major crack in the core 

Midpanel 
Section B 



APPEmM E: RESULTS OF SmINKAGE TESTmG 

Holnam 
Holnam - 
Holnam 

10+ (bute23) fly ash j I 0  
8+(but<23) [ water reducer 8 

26.0 / ash+water reducer 26 

20 
0 
20 

0 
5 
5 
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A P E m M  F: NUPOTNESIS FOR PREMATURE CONCRETE DETERIORATION 


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



