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The Information contalned in this report was compiled exclusively for the
use of the Michigan Department of State Highways. Recommendations contained
herein are based upon the research data obiained and the expertise of the re-
searchers, and are not necessarily to be constwied as Department policy. No
material contained herein is tobe reproduced—wholly or in part—without the ex-
pressed parmisaion of the Engincer of Testing and Research.




This project originated following a discussion between D. L. Wickham
of the Construction Division and L. T. Ochlerand M. G. Brownofthe Test-
ing and Research Division after it was discovered that some 1972 test re-
sults of routine pavement cores were seen to be erratic, with some values
below the minimum 28-day compressive strength design limit of 3,500 psi.
Several additional cores were requested, to be taken from low strength
areas on this particular projecton I 69 anddelivered tothe Research Labo-
ratory for examination. Also, ageneral analysis of pavement core strengihs
from the past three years was suggested.

The subject cores were cut from the south end of the southbound lanes
on March 21, and delivered to the laboratory, where they were stored in
the moist curing room. On March 30, D. L. Wickham and T. H. Green
examined the cores. They were brought from the moist curing room in a
gsaturated condition and were observed to have a differential rate at which
the surface moisture evaporated. It was immediately obvious that water
stored invoids withinthe core, particularly inthe bottom half, was feeding
moisture to various isolated places on the cylindrical surface. A view of
these cores is shown in Figure 1.

Because the slip-form paving method was used, very low slump con-
crete was required and, due toits stiff consistency, effective consolidation
was more difficult than with conventional paving methods. Since the con-
crete was placed in two lifts, with the reinforcing steel mesh sandwiched
in between, it would be very difficultto secure any direct consolidation in
the bottom lift by vibrating the top lift.

An apparent lack of homogeneity in the mortar fraction of some of the
concrete cores was observed. One core was noted where the drilling pro-
cess had abraded the mortar away from the coarse aggregate, and grooves
could be scored in it with a pocket knife. It was suggested that the weak
mortar might be the result of poor cement distribution within the mortar.

Routine core test results, as reported by the Testing Laboratory Sec-
tion at Ann Arbor, were consulted., Test results on cores 72A-33 through
88 inthe northbound roadway were reported on February 22, and 72A-1019
through 1046, and 1079 through 1104, from the southbound roadway were
reported March 29. Results ranged from 2,310 psi at station 2834420 to
4,710 psi at station 2822+14, both of which were poured on September 23,
1971, on the northbound outer lane. The highest value was 6,250 psi at
station 2780+75 onthe southbound outside lane which was poured on Septem-
ber 30, 1971. The low for this lane was 2,790 psi at 2832+26 poured Sep-
tember 7. The average compressive strengths for the southbound outside
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and inside lanes was 4,610and 4,990 psi, respectively. The corresponding
averages for the northbound outside and inside lanes was 3,840 and 4,690
psi, It is interesting to note that all but two of the cores under 3,500 psi
were from the outside lanes which were paved first. There were four low
and one horderline cores in the southbound outside lane and five low and
five borderline cores in the northbound outside lane. These results would
also suggest a lack of homogeneity or uniformity of mixing, or non-uni-
formity of consolidation, or both, throughout the project.

In discussing how the four extra cores should be tested, it was decided
that a compression test would contribute very little since we already had
many compression tests from the same areas, and it was obvious from the
porosity of the cores and their variable mortar that they would not test very
high. If it could be determined whether the density of the top half of the
core was greater than that of the bottom half, it might tell us if the bottom
halfhad been consolidated as effectively as the top. Thus, specific gravity
of each half was determined independently.

The. cores were cut in half at mid-depth such that the steel mesh was
included in the top half. The specific gravity of each half was then deter-
mined and is shown in Table 1 along with other detailed information about
the cores. It was found that in every case the specific gravity of the top
half exceeded that of the bottom half by an average of 0.09. The obvious
conclugion that the steel in the top half would raise its specific gravity was
congidered and was found to make a slight butnot significant increase. Cal-
culations showed thata 3/8-in. barwould raise the concrete specific grav-
ity of a 6-in. diameter by 5-in. long cylinder by 0.02. This would account
for only a small portion of the difference between the two halves.

The only conclusionthat could be reached was thatthe toplift was much
better consolidated thanthe bottom. The concrete on this project, at a 6.5
percent air level, would have a specific gravity of about 2, 35 if well con-
solidated as calculated from actual batch weights used.

Upon request, the Project Engineer visited the laboratory on April 20,
1972, to supply some missing project data. He described the paving se-
quence shown in Figure 2, and said that it was poured in two lifts with a
12~-ft slip-form paver. The concrete was vibrated as it was placed with
paver-connected probe vibrators. In describing the mix time at the central
batch plant, he said that the drum revolved continuously while the charge
of aggregate, cement, and water were added from the open end. The time
to begin measuring the mix time was not well defined; however, he discov-
ered the concrete tobe inadeqguately mixed at the time the paving operation
had advanced tothe north end of the outside lane of the southbound ruvadway.
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Figure 2. Paving sequence of 123061-021
I 69 South of Charlotte.




At that time he requested the contractor to begin measurement of the mix
time only after all the mix components had been added. He said that he was
sure the concrete inthe remaining portion of the job had received the mini~
mum specified mix time.

The Project Engineer also mentioned that the temperature of the ce-
ment as it was unloaded from the bulk trucks was quite high; sometimes
being as hot as 130 F. This was due to the cement being used as fast as
Peerless could produce it from all three of their plants (two in Detroit and
one in Port Huron). He wondered if perhaps the high temperature of the
cement would have some adverse effect on the quality of the concrete. He
was advised that the only adverse effect would be a "flash set' of the con-
crete if the temperature were 90 F or over. A check of the recorded con-
crete mix temperatures showed only eight times when the temperature was
over 80 F; these occurred inearly September with a maximum temperature
of 83 I on September 7, 1971.

It was noticed on the "Inspector's Report of Concrete Placed"records
that air entrainment in the concrete in excess of 8 percent occasionally oc-
curred; this fact was examined tosee if high air content could be responsi-
ble for many of the low concrete core compressive strengths. TIn Table 2
the stationing of the day's pourlimits is tabulated along with concrete beam
and core strength data, and slump and entrained air measurements for that
day. Although the stationing was not indicated at locations where the air
and slump measurements were made, an attempt was made to approximat—
ely match the core strength station to the time of day at which the fresh
concrete measurements were made. An examination of these data, how-
ever, is inconclusive since more high than low concrete strengths exist at
time of high air measurements.

The high air entrainment measurements aroused speculation that ex-
cessively fine 2NS agpregate might be present in the concrete; examina-
tion of the ""Aggregate Inspection Daily Report' forms showed a couple of
days on September 7 and October 1 (Table 3) when aggregate piles were
shipped to the batch plant and used in the concrete before the inspector's
work revealed that they did not meet specification requirements. The a-
mount of such aggregate used, however, amounted to less than 3 percent
of the total 2NS sand approved,

Another avenue of comparison that was investigated was to see if the
flexure beams, which were cast in areas recording low core strengths,
would themselves agree with the cores in that the concrete was of lower




TABLE 2
CONCRETE PHYSICAL DATA

Stationing Core Data Flexure Beam Data Related Mix Data
Pour J Avg. Strength, Entr.
Slum,
Date From To No. | Station | COmP- Time Station psl Time Alr, TP,
Strength " in.
7 Day I 14 Day percen
™~
9-28-71 2752450 173 2752+61 2,970 B:30 AM 9.5 2.0 :
174 2760+10 3,780 10:30 AM 8.0 1.8 :
2779+55 176 2770+09 3,850 2:00 PM 7.8 1.5 ,
9-30-T1 2779456 176 2780+76 6,250 7:30 AM 6.8 L5
177 2789+85 4,740 10:00 AM 7.8 1.8
178 2800+33 3,370 Noon 6.8 1.5
2813+94 179 2811405 4,610 3:00 PM 2813460 606 839 2:10 PM 6.5 1.0
10-1-TF 2815432 2826+13 180 2820+78 4,580 Dally Avg 6.9 1.9
9-14-71 2827409 2828+40 2:30 PM 5.2 1.5
= 9-3-T1 2828+40 2831+74 Daily Avg 3.6 0.6
E 9-7-71 2831+74 2838459 181 2832426 2,790 100 PM 2832460 616 727  Daily Avg 5.5 1.3
E 9-8-71 2839+58 1827 2842485 3,110 10:30 AM 5.8 1.5
2 2864+54 183 2852489 5,440 2:00 PM 4.6 1.0
8 $-9-71 2B54+54 184 2862191 5,150 2BB0H50 7i2 842 11:16 AM 5.6 1.3
g IBG 2B874+18 5,100 1:30 PM 6.4 1.3
& 2B85+B0 186 2882vB 4,700 4:00 PM 6.0 1.5
é 9-10-71 2885480 187 2892+01 5,470 10:30 AM 3.2 1.5
B 188 2801485 5,370 11:06 AM 6.3 1.5
8 2913495 189 2913404 3,640 1:00 PM 6.1 1.3
@ 9~13-71 2813+95 : 130 2923+74 4,540 11:30 AM  2920+40 808 808  10:00 AM 8.3 i.8
181 2933+65 4,700 Noon 5.9 1.5
2046462 192 2944498 4,280 2:00 PM 5.8 1.8
9-14~T1 2948+62 193 2954+92 5,520 11:00 AM 5.5 i.5
297T1+44 194 2984488 4,560 1:30 PM 5.1 )
§-15-7T1 2971+44 195 2973+38 6,520 T:30 AM 8.0 1.5
1968 2981+97 5,120 9:45 AM 7.0 I.6
197 2994+50 5,170 10:40 AM  28B4450 682 782 Noon 6.3 1.6
3006+84 198 3003408 5,020 2:15 PM 5.9 2.0
\_ 9-16-71 * 3008484 3020+38 199 3013+08 4,100 } 10:15 AM 6.9 1.6 )
f 9-16-71 3021400 3008+07 1874 3011+87 4,040 2:30 PM 5.3 .3 \
9-17-71 3006+07 1873 3002+72 4,470 8:26 AM 3002400 786 890 7:30 AM 1.5 2.0
1672 2992+06 4,050 10:06 AM 7.1 1.6
1671 2981+86 4,150 12:30 PM 6.4 1.5
1670 2971+15 3,810 246 PM 7.7 1.3
2958410 1669 2963+31 4,300 4:00 PM 7.2 1.3
9-21-71 2958+10 1668  2952+60 3,810 B:00 AM 7.7 2.8
’ 1867 2943+36 3,610 10:00 AM 9.2 2.0
1666 283343 3,990 Noon 6.6 1.3
= 1665 2021435 4,140 2:00 PM 6.9 1.8
g : 1664  2912+10 3,010
= 2904+07 16638 2804+26 4,350 4:15 PM 6.8 1.5
ﬁ 9-22-71 2904407 1663 2802+94 4,430 7:25 AM 6.
g 16634 2001+41 3,600  8:00 AM 2000450 703 755
s} 1662 2893+60 4,020 9:45 AM 5.5 1.5
,E_. 1661 2882+21 2,750 Noon 7.2 1.8
2 1666 28Ti+59 3,620 2:00 PM 6.5 1.5
1659 2861475 3,290
g 1658 2853+24 4,020
g 16578 2846+04 4,580 4:16 PM 6.0 2,0
g 1657 2843+60 3,520
2840+30 1657A 2842+16 4,130
9-23-71 2839+B4  2826+90
2825495 1666 2824+20 2,310 2:35 PM 7.8 L5
281363 1655 2822+14 4,710 4:00 PM 1.1 1.8
9-24-71 281241 1654 2809+63 4,680 8:00 AM 8.2 2.0
1653 2798495 2,370 10:00 AM 9.0 2.5
1652 2790443 4,000 : Noon 7.1 1.5
1681  2781+19 3,560
2767+53 1680 2770464 3,990 2:30 PM 8.0 1.5
. 1 A




TABLE 2 (Cont.)
CONCRETE PHYSICAL DATA

'

Stationing Core Data Flexure Beam Data Related Mix Data
Pour
Avg, .Strength, Entr,
Date From | Ta | No. | station | CO™P Time pei Time Alr, SI‘:mp'
Strength percenf ™
7 Day] 14 Day|
10-15-71 3020+38 226 3012+35 4,480 9:30 AM  B.5 2.0
225 300840 4,520 11:30 AM 8.5 1.5
224 2991469 4,780 Noon 6.5 1.5
223 2082460 5,230  1:20 PM 724 1:00 PM 8.5 2.0
2969+33 222 2972466 4,520 3:00 PM 6.6 1.5
16-18-Ti 2969+33 221  2962+76 5,520 8:00 AM 6.3 1.5
220 2953+52 5,880 $:15 AM 6.3 1.8
i 218 2943426 4,440 11:00 AM  T.5 1.5
218 2932470 5,000 1:60 PM 8.8 1.8
2916410 2IT 2922402 5,190 3:30 PM 6.4 1.8
g 10-19-72 2916410 206 2910+83 4,870 7:30 AM 6.0 1.5
9 2£6  2903+07 4,570  10:00 AM T44 9:30 AM 7.1 1.8
& 244 2893+10 4,550 11530 AM 7.3 1.8
g 2:8  2884+45 5,970 1:30 PM 8.2 1.5
2 2§2  2872+10 5,160 3:00 PM 7.7 1.8
8 2862+36 211  2826+80 4,920
£ -] 10-20-T1 2662+36 210 2852+36 4,600 9:30 AM 5.4 L5
2 2840+40 209 2843465 5,080 11:30 AM 6.3 1.8
2838460 2627+00 208 283242 5,130 2:30 PM 1.8 1.8
2826+18 2825+03
10-21-7F  2825+63 2815423 207 2822+17 5,490 11:00 AM 7.3 L5
2813455 206 2B811+04 5,820 11:00 AM 733 1:00 PM 6.7 2,0
2797+00 205 2800+36 4,790 246 PM 7.0 1.8
106-25-T1 2797+00 204 2788+27 5,480 8:00 AM 6.0 1.8
203 2779+36 4,680
202 2770+¢10 5,320 10:00 AM 6.0 1.5
2760+3% 201 2760+83 4,350 100 PM 5.6 1.5
2759+62 2753+25 200 2753+25 4,780 815 PM 6.5 1.6
10-26-T1 2768+25 1875 277127 4,810 B:00 AM 6.5 1.8
1876 2779+08 5,210 10:00 AM 7.0 1.8
1677 279i+85 4,170 11:00 AM 7.1 1.8
1678 2800+41 4,880  1:35 PM 722 1:00 PM 6.4 1.5
281242 1678 2808491 4,950 3:15 PM 6.6 1.8
10-27-71 2813+90 2835+B5 1680 2821+27 4,600 10:15 AM 8.5 1.5
2827420 2B38+85 1681 203248 6,920 Noon 4.6 1.5
2840+30 2840+95
10-6-71 2840+84 '2850+90 1682 2844+00 4,040 8:00 AM 6.9 L5
1 10-7-71  2850+90 1683 2851+12 4,850 746 AM  B.4 2.0
= 1684 286246 5,160 9:15 AM 7.0 1.8
5 1685 2872+27 5,160 11:15 AM 5.4 1.5
i 1686 2882493 5,700 1:30 PM 4.7 1.5
g 2896456 1687 2893+76 2,760  3:00 PM 665 3:00 PM 7.7 1.8
= 16-B-71 2895455 1688 2902+14 2,920 745 AM 9.4 2.0
2 2920+42 1689 2011+38 4,430 11:30 AM 6.3 1.5
5] .
g 10-15-71 2920442 1690 2922477 5,040 745 AM 5.7 2.0
= 1691 2931+99 4,470 1:16 PM 7.4 2.0
B 2950+98 1692 2042462 3,970  3:30 PM 698 3:00 PM 6.3 1.9
o
z | 10-12-71 2950498 1693 2954+03 4,590 7:30 AM 9.1 1.8
1694  2981+15 3,890 9:15 AM 0.8 1.8
1695 2972+57 5,320 12:30 PM 6.7 2.0
1696 2982458 4,680 3:00 PM 6.1 2.0
1697 2991434 5,170
3005+36 1698 3002+01 4,600
10-13-71 3005+36 16994 3011+87 5,280
1699 2014408 4,780  10:44 AM 807  10:00 AM 8.0 2.5
3018+15 1609B 301550 4,080
10-14-71 3018+15  3021+00 8:00 AM 7.8 2.0

A




Sampled and Approved for Use on Project I 23061-021)

TABLE 3
DAILY FINE AGGREGATE PRODUCTION
(Michigan Aggregate Corporation - Pit No. 13-84

2NS Specification Fineness Modulus Range Limits

2,60 -

-¢—— Limits of this pit

= 3. 35

2.60 3.00
(2. 80 base)
Daily Production, cu yd Daily Production, cu yd

Sample - Sample -

Date Fineness Modulus Range. Date Fineness Modulus Range

Less than 2.60{2.60 - 3, 00 Iess than 2,60]2.60 - 3,00

9-1-71 200 . 10-1-71 50 300
9-2-71 200 10-4-71 150
9-7-T1 100 250 10-5-71 100
9-9-71 100 10-6-71 100
9-13-71 50 10-7-71 200
9-14-T71 50 10-8-71 200
9-15-71 250 10-11-71 200
9-16-T1 200 10-12-71 150
9-17-71 600 10-14-71- 150
9-20-71 400 10-15-T1 200
9-21-71 150 10-18-T71 400
9-22-71 150 10-19-71 300
9-23-71 150 10-20-71 200
9-24-71 100 10-21-71 200
9-27-71 400 10-26-71 350
9-28-71 300 10-27-71 100
9-29-71 50 10-28-71 200
9-30-71 250




TABILE 4
WITHIN-PROJECT VARIATION AND AVERAGE STRENGTH
BY YEAR OF CONSTRUCTION

Construction Year

Limit (3¢), psi

1965 | 1969 | 1970 { 1971
Number of Projects ] 18 16 8
tand e
g Standard Dev1a-tlon, avg 645" 678 666 738
2 q for year, psi
o o
[ ] =t
o . oo
qu s Upper Confzdence Limit 905 933 993 910
.E. ;c;s' (3 0‘), psi
= > .
= Average Contraci.: Size 49 33 2% 40
{cores per project)
" Total Number of Cores 669 590 590 319
o
o © .
> % | Average Combressive ;5 a91 5 670 5,518 4,947
E H Strength, psi
£ & i
£ Lower Confidence 5,342 5,336 5,336 5,299

* 11

-10-

out of control, ' or below lower confidence limit.




strength. However, all beam breaks throughout the contract indicated ac-
ceptable concrete in general and superior concrete in many areas (Table
2). The one primary difference between the concrete in the beams and the
cores would be the degree of consolidation; the beams which were hand
tamped would possibly be better consolidated than were the cores from the
slip-formed pavement.

To complete the inspection of the available data, the "Aggregate Inspec-
tion Daily Report, " the "Concrete Proportioning Data, '" and the "Concrete
Proportioning Plant Report" records were reviewed. It was noted that the
volume proportioning of fine apgregate to total aggregate in the concrete
varied between 36 and 37 percent depending upon the dry unit weight of the
coarse aggregate. Although this is a typical design for pavement concrete
with gravel aggregate, it might possibly be slightly harsh, especially in
this low slump concrete, and would itself contribute to the consolidation
problems. However, with adequate vibration this standard pavement mix
design should consolidate to a good, uniform pavement.

Analysis of Pavement Core Strengths

While the construction records andtest data of the subject project were
being examined, a statistical analysis of certain concrete core compressive
strength data was made. The data consisted of test results from a mini-
mum of 8 and a maximum of 18 construction projects for each of the years,
1965, 1969, 1970, and 1971. The objective was to determine if any signi-
ficant changes in between-year strengths or within-project variations were
occurring. Control chart techniques were used to make these determina-
tions and to provide graphic evidence.

Table 4 shows that there are no significant differences in within-pro-
ject variation over the indicated years. The slight variations that can be
observed must be considered to be due to chance; that is, no asgignable
causes are at work. A significant deviation would have been evident if a
point had fallen outside the control limits, or exceeded the three standard
deviation upper confidence limit.

On the other hand, Table 4 indicates that there has been a significant
change in mean compressive strength when averaged over all test results
for all projects for a given year. The mean value for 1971 is "'out of con-
trol" inthe sense that the extreme low value would not be expected to oceur
due to random fluctuations based on the limited data at hand.

-11~




Eachyear was independently analyzed in a similar manner, i.e., using
control charts. In general the variation between contracts within years is
in control. The contract mean strengths for a given year do differ signifi-
cantly with respect to the year average, however. It is of interest to note
that of the two projects in1971 "out of control, ' the worst one was the sub-
ject 169 job with an average compressive strength of 4,520 psi. In fact,
this project, 23061-021, had the lowest average core strength of all 58 pro-
jects analyzed. There does not appear to be any sort of trend from year-
to-year. FEach year has several project averages out of control' as indi-
cated as follows:

Out-Of- Control
Year No. of Contracts No. | Poroent
1971 8 2 25
1970 16 3 19
1969 18 5 28
1965 16 7 44'

Of the out-of-control projects there were 1, 2, and 0 slip-formed projects
for 1971, 1970, and 1969, respectively. In the statistical analysis of core
strength from 58 projects constructed during four years no attempt was
made to correct for variations in age of cores at time of test.

Summary and Recommendations

After examining all available data on the subject project, and the analy-
sis of core data of projects from four construction years, the following
factors would appear to have produced the variable nature of the concrete
strength on the I69 project, in particular. These are listed in probable
order of importance as follows:

1) Lack of proper consolidation in the bottom half of the pavement.
Many of the cores examined were found to contain more and larger voids
atand below the steel mesh. The same paving equipment used on the sub-
ject 169 project in 1971 was observed on an experimental project by the
same contractor to the south this year (I 23061-020). The two Maxon
spreaders ahead of the CMI paver had only one and three surface vibrators
mounted on the transverse screed on the first and second spreader, res-
pectively. The bottom lift of 5 to 6 in. generally appeared to be loosely
consolidated at time of mesh placement. The degree of consolidation of the

! with respect to at least the 2 control limit,
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first lift appeared to depend on the amount of excess concrete contained in
the first spreader box. It would seem that a bank of probe vibrators of
proper size and spacing, possibly 1 to 1-1/2 ft apart, would be more effec-
tive inobtaining auniform degree of consolidation in the bottom lift. Some
visual indicators that all vibrators are operating on the paving equipment
might be worth requiring also.

2) Lack of uniformity of mixing possibly related to mixing time. A
number of the cores from the southbound roadway, including the four spe-
cial ones for specific gravity tests, appeared to have portions with a non-
uniform appearance inthe moriar fraction. The old ceniral mix plant used
on the subject project in 1971 was checked, and met uniformity tests in
1972 but using a higher slump concrete for conventional paving. The ad-
joining projecton I 69 done this yearused concrete from a new central mix
plant. Possibly anumber of central mixers furnishing low slump concrete
for slip~-form paving should be checked for uniformity to establish whether
the minimum mix times of Table 7. 01-3 of the 1970 Standard Specifications
are adequate, particularly for older mixers.

3) Our basic mix design factors, in particular the sand to coarse ag-
gregate ratio, may needto be congidered. However, Michigan's pavement
concrete design is quite comparable to that of other states using a nominal
1 in, maximum size coarse aggregate. Quite often problems may be in-
creased, such as edge slumping, if the sand content is increased. It is
believed that on the subject project and other slip-form paving jobs, the
most critical factor is the placement and consolidation of the lower portion
of the roadway slab. A greater effort is needed by the equipment manu-
facturers and our own specification and inspection requirements to solve
this problem.
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