DEVELOPMENT IN QUALITY CONTROL
OF CONCRETE DURING CONSTRUCTION

W. Wilk and G. Dobrolubov, Betonstrassen AG, Switzerland; and
B. Romer, LPM Laboratory, Switzerland

New methods of quality control of concrete during pavement construction
have successfully been carried out in Switzerland on all main road projects
since 1969. A combined quantitative and qualitative microscopic analysis
has been carried out on thin slices of 2-day-old concrete in more than 800
tests. Quantitative analysis determinesthe frost-salt (F-S) resistance. In
addition tothe spacing factor, nine other factors are being considered. The
evaluation of F-S resistance foresees a subdivision infive groups according
to the durability factor. The qualitative, morphological control analysis is
done onthe same slice and atthe sametime the quantitative analysisiscar-
riedout. The morphological quality control determines precisely the faults
inthe concrete as well astheir causes. R also makes it possible to rectify
these faults during further construction. Concrete with medium or low F-S
resistance (according tothe quantitative analysis) or with a high percentage
of morphological faults (disturbance factor > -10) is controlled by a frost-
thaw-salt (F-T-S) resistance test with rapid cycles. This new Dobrolubov-
Romer (D-R) method makes rapid testing of concrete possible (500 cycles
within a fortnight). Practicalapplication of control on site during construc-
tion is demonstrated.

*SEVERAL control examinations have been applied during concrete highway construction
in Switzerland since 1969 and are discussed in the following.

AIR CONTENT DETERMINATION IN FRESH CONCRETE

The air content of fresh concrete is determined immediately before compaction.
Distributed concrete from a vibrating slab and a pressure equalizing apparatus, Tonin-
dustrie Berlin, are used for the determination. According to Swiss specifications
(SNV-640478), air-entrained concrete must contain between 4 and 6 percent air by vol-
ume; therefore total air content (e.g., compaction and entrained air pores) is measured.

The results depend on the compaction of the concrete in the apparatus and can vary
up to 2 percent by volume. The purpose of the investigation is to detect faults in the
placing so that the necessary corrections can be implemented. Insufficient air content
in fresh concrete can occur through (a) absence or an insufficient dose of an air-
entraining agent, (b) reduction of the mixing time, (c) concrete that is too dry, (d) ex-
cessive transportation or waiting time, and (e) different qualities of air-entraining
agents,

During concrete road construction, air content of fresh concrete is determined be-
tween five and ten times daily. Although the test is meant to serve as a control, it can
give no conclusive estimates of the F-S resistance of the concrete.

MICROSCOPIC PORE ANALYTICAL
DETERMINATION OF F-S RESISTANCE

For this investigation three 5-cm-diameter cores are taken from the hardened pave-
ment. This can be done after 24 hours in warm conditions, or after 48 hours. One
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core is used for the preparation of two thin sections. The remaining cores are for the
5-day water saturation test As and for the in-vacuum water saturation test A,. Results
of these investigations are available 7 days after concreting. Partial information, with-
out water saturation results, can be given by telephone 3 days after concreting.

Evaluation and judgment of F-S resistance are based on pore analysis and deduced
characteristic values. The following values are used in the assessment:

Lf = fresh concrete/air volume, percent;
La = hardened concrete/air volume, percent;
o = mean specific pore surface, mm ™%
Pi = number of pores per mm® of sample;
Lo = volume of pores up to 300 micron diameter, percent;

Vy = ]—‘I%: . 100, where Ks = As - gel water;

Va =L@ . 400,

B

WB; = supplementary value = V; o kg/cmz, where o = flexural strength at 28 days;
WB: = supplementary value = V2 ¢ kg/cm? and
AF = spacing factor in mm (after Powers).

This evaluation is based on Figure 1. Plotting the resulting characteristic values
produces a curve. (The dashed line is concrete No. 2 from Highway N1, St. Gallen-
Buriet, which lies within the limits of one of the five F-S resistance groups. Con-
crete No. 2 has a high F-S resistance.)

The five groups depend on the resistance factor WFT—the durability factor—defined
in ASTM C 666-B. Groups with a very high and high F-T-S resistance correspond to a
WEFT,; value between 100 and 80 percent; a medium F-T-S resistance to between 80 and
50 percent; and a low to very low F-T-§ resistance to between 50 and 20 percent (1).
Consequently a concrete with a high characteristic value should, after 200 F-T-S cycles
of the D-R method, show a reduction of at most 20 percent (WFT, = 80 percent) in the
modulus of elasticity. This F-T-S resistance rating makes a comparison with many
American and other research studies possible. I also permits F-T-S resistance re-
sulting from characteristic values to be checked by using the effective resistance fac-
tors obtained from the F-T-S test (D-R). Comparative investigations have shown that
the morphological characteristics of the concrete can, under circumstances, have con-
siderable influence on the F-T-S resistance. This correlation principle will be dis-
cussed later,

MICROSCOPIC MORPHOLOGICAL QUALITATIVE
CONTROL OF CONCRETE

Microscopic quantitative (pore analytical) and qualitative (morphological) control of
concrete is carried out on thin sections made from a concrete core specimen impreg-
nated with special fluorescent dye and examined under a microscope by transmitted
ultraviolet (UV) light. This new method makes otherwise undistinct or undetected fea-
tures visible. (The new preparation technique was responsible for successful develop-
ment of qualitative and quantitative control methods as well as for the good correlation
of these methods with the F-T-S test.)

Preparation Technique

From a concrete core 5 cm in diameter or a laboratory prism 12 by 12 by 36 cm, a
small prism specimen 4 by 2 by 1.5 cm is cut. Wherever the original concrete pave-
ment is the object of the test (which usually is the case), it should be one of the prism's
faces. The thin section is generally made perpendicular to the concrete surface.

One large face of the prism is ground to a depth of approximately 2 mm to eliminate
all possible damages caused by the cutting process and then ground to a completely fin-
ished surface. This specimen is then impregnated under vacuum with a special Duro-
plast polymer. After hardening, the surplus polymer deposit is removed by grinding



Figure 1. Determination of F-S resistance.
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Figure 2. Air-entrained concrete without UV differentiation {x70).

Figure 3. Air-entrained concrete with UV differentiation (x70).
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from the finished surface, from which 50 to 100 microns of concrete are ground. On
the surface obtained, a protection glass is fixed.

Then the specimen's opposite surface is cut and ground to achieve a thin section 25
microns thick. All "hollow" spaces in the concrete of this thin section are impregnated
with a special polymer with a colorful fluorescent tracer. In the case of UV excitement
in the microscope, a fluorescent yellow coloring effect is obtained in the hollow
spaces—even in those of 1 to 2 microns or smaller. The remaining concrete compo-
nents are different shades of blue; the aggregates, dark blue; and the cement paste, light
blue. Fluorescent coloring makes it possible to localize (by color differentiation) and
to evaluate (by color intensity) all hollow spaces.

Evaluation of Morphological Qualitative Control Method

The advantage of this method for making undistinct or undetected features clearly
visible appears when Figures 2 and 3 are compared. Their microscopic difference is
based on the different colors (yellow and blue), which in this paper are black and white,
The differentiation is therefore imperfectly shown. All photomicrographs are magnified
and represent an area of approximately 0.33 mm?® of a thin section of 800 mm?,

Figure 2 shows an air-entrained concrete—a thin section without UV differentiation
seen in a tungsten type of light in a bright field. Figure 3 shows the same cut of con-
crete—a thin section with UV differentiation by mercury vapor and UV lighting in a dark
field. Air voids, capillary porosity of the cement paste, and other yellow (black) hol-
low spaces are clearly distinct from other blue (white) solid concrete structures.

The possibility of accurate differentiation of some types of (a) voids—P, L, W, and
PPP; (b) capillary porosity C of the cement paste (high capillarity = HC, medium-high =
m HC, and low = NC), and (c¢) adherence quality A of the aggregate to a cement paste
and to cracks R is shown in Figures 4 through 12.

Figure 4 shows a concrete with an excellent air-void structure P. There are nu-
merous, clearly distinct air voids between 10 and 100 microns in diameter. Figure 5
shows a concrete with entrapped voids L. These are mostly large (of irregular shape,
with defined edges) and can be easily differentiated from the entrained air voids that are
usually smaller and round. Insufficient compaction, a concrete that is too dry, and
long transportation or waiting times before compaction can be the reasons for many en-
trapped voids in the concrete.

Figure 6 shows a concrete with voids W caused by water concentration. These are
similar to the entrapped voids but have unclear edges with dissolved cement paste par-
ticles and small aggregates. Rain or any addition of water during transportation, lay-
ing, or compaction explains the reason for many of these voids. Similar but clearly
distinct voids can be produced by bleeding.

Figure 7 shows a concrete with some voids PPP that have collapsed and agglom-
erated. A high water-cement ratio, e.g., addition of water during surface finishing,
or an inadequate air entrainer may be the reason for void agglomeration.

Figure 8 shows a concrete with low and medium-high capillarity, and Figure 9
shows one with high capillarity. If capillarity of the cement paste is high or variable,
it will have a negative influence on frost and F-S resistance. This can be determined
through morphological analysis. If the water-cement ratio is too high, excessive capil-
larity may result. Strong variations in capillarity may be caused by inadequate or short
mixing times.

Figures 10 and 11 show concretes with disturbed adherence A between aggregate and
cement paste. This can be caused by impurities, peripheral cracks (Fig. 11), or by
formation of high capillary porosity in the cement paste surrounding the aggregates
(Fig. 10). In all cases these disturbances severely influence the frost and F-S resis-
tance of the concrete and can be detected only through microscopic examination.

Figure 12 shows a concrete with cracks in the cement paste caused by frost damage.
An experienced eye can distinguish between frost and fatigue cracks and cracks due to
either shrinkage or belated use of the longiludinal finisher.



Figure 4. Concrete with air-void structure (x70.6). Figure 5. Concrete with entrapped voids (x70.6).
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Figure 6. Concrete with voids caused by water Figure 7. Concrete with collapsed and agglomerated
(x70.6). voids (x70.6).




Figure 8. Concrete with low and medium-high Figure 9. Concrete with high capillarity (x50.3).
capillarity {x50.3).

Figure 10. Concrete with disturbed Figure 11. Concrete with disturbed Figure 12. Concrete with cracks
adherence caused by high capillarity adherence caused by peripheral caused by frost damage (x50.3).
(x50.3). cracks (x50.3).




Morphological Assessment of the Concrete

Figure 13 shows the procedure used in the morphological assessment of concrete and
its evaluation through a disturbance factor. This examination enables one to determine
the cause of faults in concrete and allows quick recognition and, in most cases, cor-
rection of every negative influence that might appear during construction. A concrete
with a total disturbance factor < -5 can be considered completely sound. Larger values
call for improvement measures. A disturbance factor = -10 can in some circumstances
jeopardize the F-T-S resistance as obtained from the characteristic values of the pore
analysis. Investigations have proved that a thin section of 800 mm® is a representative
sample. A comprehensive pore analysis with a concrete morphology determination
(inclusive of preparation) requires about 5 hours, which is less than the 7 to 8 hours
required for analysis by the linear transverse principle.

RAPID DETERMINATION OF FROST OR F-T-S RESISTANCE
OF CONCRETE WITH D-R METHOD

The deterioration process due to frost or F-S initially causes a loosening of the
crystalline paste structure followed by crack development that can lead to destruction of
the concrete. This loosening process within the cement paste was proved by micro-
hardness tests. Results of tests on concrete made by the authors show good correlation
between the decrease in the modulus of elasticity and the microhardness of the cement
paste. Figure 14 shows the relation between the loss in microhardness expressed by
the increase of the imprint M, and the loss in modulus of elasticity, both expressed in
percent per cycle.

The whole deterioration process taking place within the cement paste [the evaluation
of the frost-thaw (F-T) or F-T-S resistance of concrete] may therefore be confined
to the evaluation of its cement paste. Small concrete test specimens can thus be used,
entailing a shortening of exposure times, which leads to a considerable reduction in
overall testing times. For this purpose six prisms 3 by 3 by 6 cm are cut out of cores
15 em in diameter or out of laboratory prisms of the concrete to be tested.

The rapid method of determination of F-T or F-T-S resistance of concrete has the
following characteristics:

1. A fully automatic testing apparatus with extensive programming possibilities;

2. Rapid testing, e.g., 500 cycles in 14 days;

3. A possibility of correlation with other existing test methods by means of the
durability factor; and

4, Possibilities of evaluation of F-T-S resistance at different depths (surface, 15,
and 30 mm) of the tested concrete.

Test Equipment

The test equipment is compact and fully automatic (Fig. 15). The capacity of each
unit allows simultaneous testing of at most 24 concretes with six test prisms 3 by 3 by
6 cm per concrete at a daily average of 50 cycles maximum, With fully automatic con-
trolled canisters, the test specimens are successively immersed into a thawing trough
with running water at +20 C and into a freezing trough containing a salt solution at
-20 C (Fig. 16). Either calcium chloride at 33 deg Baumé or sodium chloride at 22 deg
Baumé may be selected for the salt solution. The time required to freeze a concrete
specimen, including the transition from +20 C to -20 C, equals the duration of a cycle.

According to test results, a drop in temperature at the rate of 3.3 C/cm/min and an
increase at the rate of 5.3 C/cm/min was established, which for a specimen of 3 by 3
by 6 cm results in 8 min for freezing and 5 min for thawing (Fig. 17). The salt satu-
ration of the concrete specimens can be controlled by adjusting the time of exposure to
frost with respect to the time of immersion in the thaw bath.

Test Procedure

The test is carried out on water-saturated specimens; 5 days generally are re-
quired for water saturation. The method enables the application of the following test
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Figure 13. Morphological assessment of concrete.
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Figure 15. Testing equipment for F-T-S test
(D-R).

Figure 16. Schematic drawing of functioning test equipment.
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procedures: F-T, F-T-S, and isolated F-T-8S.

F-T—This test is carried out on water-saturated specimens in hermetically sealed
bags. The salt bath freezes the specimens. The bags impede both salt penetration and
specimen drying. Because these bags are used, the exposure time in the frost bath (at
-20 C) is extended to 32 min and in the thawing bath (+20 C) to 16 min. With 2 min for
transporting the specimens from one bath to the other, total time needed for the course
of one cycle is 50 min.

F-T-S—In addition to freezing at -20 C and thawing at +20 C, this test includes temper-
ature shock as well as salt absorption on all sides of the specimen. The temperature
shock, which under natural conditions arises from de-icing, is caused (in the test) by
the sudden immersion of the specimens into the frost bath. Figure 18 shows the tem-
perature shock in concrete slabs caused by applying de-icing agents such as CaClz,
NaCl, and alcohol. The degree of salt absorption of test specimens is regulated by in-
creasing exposure times in the frost bath.

The degree of saturation of test specimens must approximately correspond to the
amount of NaCl in existing concrete pavements under normal conditions. Figure 19
shows the chloride contents of concrete, measured on roads in Switzerland, compared
with the chloride contents measured in concrete specimens of 3 by 3 by 6 cm after the
F-T-S test.

As a result of various tests, the appropriate exposure time was found to be 2:1,

i.e., 20 min exposure in the frost or salt bath at -20 C and 10 min in the thawing water
at +20 C. By adding 2 min transporting time, 32 min are needed for a complete F-T-S
cycle.

Isolated F-T-S—This test fundamentally corresponds to the F-T-S method. Air in-
sulation of five sides of the specimen (Fig. 20) limits the impact of the cold and the salt
to one (unprotected) side only that corresponds to the pavement surface. This test pro-
cedure is particularly suitable for testing F-T-S resistance of thin concrete surfaces
and allows improvements caused by impregnation or a thin epoxy overlay to be assessed.
When the ratio 2:1 is used, the partially insulated test specimens require 50 min to un-
dergo one complete cycle: 32 min exposure to frost, 16 min exposure to thaw, and 2
min transporting time.

Preparation and Measuring Test Specimens

For all three test methods, six test prisms of 3 by 3 by 6 cm are cut off the cores
(laboratory prisms). The surface of the original concrete pavement should be one of the
prism faces. Each prism specimen is provided with eight measuring marks as shown
in Figure 21, Figure 22 shows the cutting of the prism specimens, and Figure 23 shows
fastening the measuring marks into the previously bored recesses.

The measurements take place in four phases: The six specimens are measured be-
fore the test begins and after either 50, 100, and 200 cycles or after 50, 200, and 400
cycles. The permanent expansions, depending on the number of cycles, are measured
in each one of the four phases.

Measuring Axial Expansion L on Four Surfaces

The initial measuring distance between the measuring points is 50 mm. The mea-
suring accuracy is 0.02 percent of the initial length (Fig. 24):

:L1+L2+L3+L4

L 1

Measuring Transverse Expansion Q Perpendicular to Prism Axis

The initial measuring distance between the measuring points is 30 mm. The mea-
suring accuracy is 0.033 percent of the initial length (Fig. 25):

Quay =2t Qs

T2
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Figure 20. Schematic
drawing of isolated F-T-S
test specimen (a = specimen;
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Figure 21. Schematic drawing of prism with 30/ 30/60 mm
eight measuring marks (a = concrete surface;
b = measuring cone; ¢ = mark fixed with epoxy).

e

Figure 22. Cutting six prisms from a 28-day-old
concrete slab core.

=

Figure 24, Measuring axial length L. Figure 25. Measuring transverse length of Q
perpendicular to prism'’s axis.
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Q(S—d) =m

In addition to the length changes, further measurements can be carried out by mea-
suring the loss of the static modulus of elasticity. In this case, Young's modulus of
elasticity for three additional prism specimens must be determined prior to the F-T-S
test.

During and after the F-T-8 test, additional moduli of elasticity (E,) are determined
on two test specimens from which an effective loss (in percent) in modulus of elasticity
A—EE:: is computed. The static moduli of elasticity are measured by the same instruments
and measuring marks as those used for length determination in the F-T-S test.

Evaluation of Measurements

Figures 26 and 27 show the results of axial expansion L and transverse expansion Q
respectively of a tested concrete (No. 39). For evaluation of the linear expansion, the
mean value of 24 axial and 24 transverse measurements are determined. Triaxial ex-
pansion M is determined from L, Qu2, and Qu.4:

M= L+ Qu—:z; + Qiaa)

Figure 28 shows mean values of three measuring phases at 42, 154, and 395 cycles.
Based on the mean value of L, the performance curves of F-T-S resistance for concrete
No. 39 can be plotted (Fig. 28). Volumetric expansion V and the loss of weight can also
be determined if required.

Relation Between Expansion and Loss in Modulus of Elasgticity

The relation between length change and loss in modulus of elasticity is shown in
Figures 29 and 30. Figure 29 shows the relation between the axial change in initial
length and the loss (in percent) in modulus of elasticity A—EE experimentally obtained
by Klieger in 1952. Figure 30 shows the relation between axial expansion triaxial ex-
pansion, volumetric expansion, and loss in modulus of elasticity. It is based on tests
done by the authors. L represents the internal damage of the tested concrete; M and V
represent its internal and external damage.

The authors believe that the number of experiments carried out to determine the re-
lationship shown in Figure 30 for M and V is too limited.

Determination of Frost or F-T-S Resistance

The assessment is based on axial expansion and the corresponding number of cycles
Z. Figure 31 shows the determination of F-T-S resistance. On the abscissa, L in per-
E

cent of initial length and the loss (in percent) of modulus of elasticity —éE- are charted;
on the ordinate the number of cycles is shown. The criterion for determination of
F-T-S resistance is based on the relationship between the critical expansion L = 1 per-
cent of the initial length, the number of cycles, and the durability factor. Expansion

L =1 percent of the initial length represents

1. =360 cycles—a high to very high F-T-S resistance (thickly hatched section of
triangle AOB) corresponding to a durability factor > 80 percent,

2. 180 to 360 cycles—a medium F-T-S resistance (lightly hatched section of tri-
angle BOC) corresponding to a durability factor = 80 to 50 percent, and

3. 180 cycles—a low to very low F-T-S resistance (plain section COD) correspond-
ing to a durability factor < 50 percent.
The dotted line is the performance curve of concrete No. 39 (Fig, 31). This concrete,

at 395 cycles, expanded only 0.21 percent of the initial length and its F-T-S resistance
should be rated high to very high. At 200 cycles no loss in modulus of elasticity



Figure 26. Results of axial expansion L (A = initial Figure 28. Mean values of L and M
measurement; B, C, D = measurements after 42, 154, and at 42, 154, and 395 cycles.
395 cycles; La, Lb, Lc, Ld, Le, Lf = specimens).
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Figure 30. Relation between axial, triaxial, and volumetric
expansion and the loss in modulus of elasticity.
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Figure 31. Determination of F-T-S resistance.
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( %—E+ 1 percent of the initial length) occurs. The durability factor is therefore equal

to 101 percent and the quality of concrete No. 39 should be rated very high.
During concrete road construction this test is used only as a checking control method
and is applied when F-T-S resistance, resulting from characteristic values, is me-

dium, low, or very low or when the morphological examination of the concrete shows a
disturbance factor = -10.

PRACTICAL INVESTIGATION PROCEDURE

Tests are carried out prior to and during construction. Prior to construction a first
examination is done on laboratory-prepared specimens. Approximately 10 to 14 days
before construction, additional trial-run tests are occasionally performed on a trial
section.

Initial Laboratory Tests

Tests take place a few months before construction is begun to obtain a concrete with
optimum properties from the available materials or to change the mix design to achieve
an optimal solution.

Concretes are produced with specified aggregate and cement type and composition,
as follows:

1. Water-cement ratio (0.4 to 0.45 or 0.5),

2. Cement content (350 to 400 kg/m?),

3. Air-entraining agent (compared to parallel examination with Vinsol Standard),
and

4, Air-entraining agent dose (1.0 to 1.5 or 1.7 percent).

The test is carried out on concrete prisms 12 by 12 by 36 cm.

Examined quantities are total air content of fresh concrete, concrete workability
with VEBE apparatus, dry and wet densities of concrete, flexural strength at 28 days,
compressive strength at 28 days, and elastic modulus at 28 days. One prism is re-
served for

1. Microscopic, pore analytical determination of the F-T-S resistance,
2. Microscopic, morphological examination of the concrete, and
3. F-T-S test (D-R) with rapid frost cycles.

Test results make it possible to specify the type and dose of the air-entraining agent
and cement content. They also indicate the suitability of the aggregate and its grading.
Controlling values for assessment are F-T-S resistance and morphological quality
determinations and concrete strengths.

Trial-Run Testing

The trial section of the pavement is laid 10 to 14 days before construction is begun.
The performance of the batching plant and placing machinery and the accuracy of the
measuring devices are checked. The concrete is mixed with the batched materials ac-
cording to the mix designed after the laboratory tests, and one or more slab lengths
are placed. After 1 or 2 days test cores of 15-cm diameter are bored from the trial
slab, the remainder of which is broken up and removed.

The following controls are determined at batching: air content (Lf), workability,
water-cement ratio, dose of air-entraining agent, and volume control of one mix in the
compacted state. For the strength tests, prisms 12 by 12 by 36 c¢cm are produced.

The following tests are carried out on the cores: (a) pore analysis and determination
of F-T-S resistance from characteristic values, (b) morphological quality assessment
of the concrete, and (¢) F-T-S test,

A comparison of these results with those of the initial laboratory tests makes
quality control of the concrete and determination of deviations and their causes and,
under some circumstances, the implementation of improvement measures possible.
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Investigations During Construction

During the first few days of construction, cores in sufficient numbers for two or three
tests are taken daily from critical positions, such as places with drier or wetter con-
crete or where there were disturbances during paving.

The initial test results are telephoned to the site, and the amount of subsequent boring
depends on these results. A minimum of one test per 2500 m® is specified. Test re-
sults pertaining to Highway N1/St. Gallen-Buriet are shown in Figure 32. This highway
section is 8.5 km long and was constructed in 1972, The concrete pavement construction
costs amounted to Fr. 5.4 million, and the testing costs to Fr. 24,000,

In Figure 32, the initial test results indicate a pronounced variation in total air con-
tent of fresh concrete (col. 6) and of hardened concrete (col. 9). In certain cases a high
proportion of large pores(> 0.3-mm diameter) and a relatively high water intake As
(col. 15) from 12 to 14 percent in volume were evident. (Normal is a water intake of
10 to 12 percent in volume.)

As a first step, the conveyor belt on which the concrete was forwarded from the truck
to the distribution hopper was removed. Simultaneously a thorough control of the batch-
ing plant and the aggregate was done, which showed that the aggregate fines proportion
(< 0.2 mm) in the concrete was too high and was not in accordance with the standard
specifications. With most of the aggregate delivered, the improvements could only be
brought about gradually. An improvement in the test results is detectable from slab
1310 to slab 2759. The high water intake and the decreased workability as well as the
too high content of large pores could possibly be caused by the high proportion of fines.
Results of the F-T-S test (cols. 25 to 28) show that, in this specific case, the high fines
proportion did not affect F-T-S resistance.

CORRELATION BETWEEN PRINCIPLES

From tests performed on 69 old and new concretes, the documented correlation was
made. The results are shown in Figure 33 and include

1. Characteristic values with pore analytical determination of the F-T-S resistance
(cols. 8 to 19),

2. Morphological quality assessment of the concretes (col. 20), and

3. F-T-S test results from the D-R method (cols. 21 to 25).

D-R test results are shown in Figures 34 through 37, The correlation between prin-
ciples can be established by a comparison of F-T-S resistances and those determined
from characteristic values. The influence of morphological quality assessment of the
tested concrete on the F-T-S resistance is shown in Figures 34 and 35.

Figure 34 shows concretes that have a high or very high resistance based on charac-
teristic values (cols. 8 to 19 of Fig. 33) and that have a disturbance factor < -10 (col.
20).

All concretes except Nos. 31, 43, 45, 48, and 49 lie within triangle AOB and indicate
high to very high F-T-S resistance. This illustration shows a very good correlation
between the two methods (D-R and characteristic values).

Figure 35 similarly shows concretes that, from their characteristic values, indicate
a high to very high F-T-S resistance but have considerably greater disturbance factors
(> -10). Of the 12 concretes only 5 lie inside triangle AOB indicating a high to very high
resistance. Of the remaining seven, four lie in the medium resistance zone (triangle
BOC), and three are inside triangle COD denoting a low to very low F-T-S resistance.
Figure 35 proves that a disturbance factor of = -10 may jeopardize F-T-S resistance
assessed by means of pore analysis.

Figure 36 shows concretes that have a medium F-T-S resistance according to their
characteristic values and a disturbance factor of -5 to -16. The number of concretes
within the medium F-T-S resistance range was relatively low, and poor correlation
must be improved by further investigations.

Figure 37 shows concretes with low or very low F-T-S resistance, according to their
characteristic values, with disturbance factors between -7 and ~13. As a result of the
D-R test, all investigated concretes range within the triangle COD for low to very low
F-T-S resistance, which gives a complete correlation.
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Figure 32. Test results of Highway N1/St. Gallen-Buriet.
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Figure 32. Continued.

22 | 23 | 24 25 | 26 27 | 28
Morpho-
logical Remarks Frost- Thawsalt - Resistance Test Results { Method D-R)
evaluation
E'::ire_ S&';ehng RS Expansion L,Q.M %o
Factor *+and- Nrof| L Q M z L Q M | z L Q M Z L Q| ™
CYees! on0 | %o | %o %o | %o | %o %o | Yo | %o Yoo | %] Pho
K keine [5.7.72 | 50 o011 |o.08 [ 010 [ 150 | 052 [ 1.00 [0.76 | 330 [1.69 {297 2,83 | - s < Z
7 keine ¢ 50 | 017 | 0,28 | 023 | 150 | 046 | 0,88 | 0,67 | 330 | 140 | 2,89 [ 215 | - - | - -
-7 keine - 50 | 008|014 | 011 | 150 | 0.39 | 08z | 062 | 330 {098 | 2.2 163 | - - - -
~ Keine * so | 042 [022| 017 | 150 | 0.28| 0,79 | 0.54 | 330 | 061 | 1.83 | 1,22 | - - - -
_6 - ls1072 | s0 | 040 | 0.23 | 019 | 150 | 012 | 0.62] 045 | 300 | 030 | 1.60 | 147 | 500 | 0,63 | 330 | 2.41
-7 ~ o172 | 50| 010|019 | ote] 50| 018 | 0.73| 058 | 300 | 109 | 273 ] 215 | <00 | 186 | 545 | 4,26
16 - Jewo72 | so|o12|o017 | oms | 150 | 056 | 0.72| 066 | 300| 138 | 1.67 | 157 | 400 | 2,10 | 263 | 245
- + -
il - =
5 « 172 | 50| 004) 03| 010] 150] 013 051 038 | 300]| 020 1,04 | 0,76] 500 | 0,36 | 2.10 | 152
12 « o7z | 50| 0070t | o] 1s0f 017 | o64] 048] 300| 053] 172 1,32 400 | 0,68 | 263 198
-9 - s1072 | 1o | 012|047 0.35| 200| 023 | 105| 0.78 | 300 | 045 | 1,77 133 | <00 | 0.82 | 2.90] 2.21
10 = =
<7 = w
-7 - -
-12 B -
15 . =
-9 + S
2 -~ fs1072 | 100 013 054 040| 200] 030 141 | 104 | 300 049| 2.36| 1.72] 400 [ 0.7 | 4,33] 312
-7 —~ ls1w 72 | 100 013 | 040] 031 ] 200| 031 | 091 | 0.71 | 300]| 046 1,80 135 | 400 | 0.7 | 317 [ 2,36
16 - o072 | 100 011 | 054 0so| 200 026 1.32] 0,97 | 300 062 3,22| 235 400 [ 0.80 [ 524 | 3,76
=7 = -
-8 2 =
N = s
16 = -
16 _— lsw72 | 100 0.11 | 047 | 0.35] 200] 0.27] 1.16| 0.86 | 300| 0.49| 2559| 1.89| 400 | 1,19 | 487 | 3.64
-6 + -
=T - -
=4 - -
12 « |s1072 | 100 0,08] 0,45 | 033 | 200f 0,28 112 | 084 | 300 051 | 2.06] 154 | «60 | 1.03] <02 3.02
-8 < 7173 50| 0.05| 012 | 010 | 200] 007 | 0.27] 0.20] 370 017 | 0.73] 054
-6 -
-5 =
= .
12 N AR 50| 0,06 014 | 011 | 200f 0,13 | 037] 029 370 035] 191 1.39
-1 .
14 .
=] - hrn 50| 004 | 0,08| 007 | 200| 012 | 043| 32 | 370| 019 | 164 L6
=7 -
=5 « |71 73 so] 008 | 011 | 010 | 200| 017 | 029 025 | 370| 036| 210 | 152
~9 ps
_s =
-3 + f17.1.723| 50| 0.05| 004 0.0a| 200| 0,08 | 046 | a13 | 370| o6 | o50] 039
-6 .
=3 -
) =
=3 « h21272] 50| 0o09| 028 0.21] 200f 014 | 083] 060 370 034 214 1.54
-2 .
-2 -
-8 =
3 ~ 221272 50| 008 0.20] 006 | 200] 013 | 099 071 | 370 | 003 219 | 149
4 ~ |212.22] 50| 009 0.2¢| 019 | 200f 015 | 0.81] 059 | 370| 026 152 1i0
<6 - J2mn72]| 50| oos| 019 | ois | 200l 018 | 1.21] 087 ] 370 | 009 212 | 145

19




Figure 33. Test results of 69 concretes.

1 2 3 |s]sf e 7] foafo]n]ue]lslulis]w][r]w] n
; Lpm [Concrete charateristics “ Pore analysis -f - t s - resistance
crete ) Serial
Provenience wic | veee e::n:r:l Arr Previsions
g L L3 | @ Pi AF As Av Vi V2 [wBy |wB, |According
Nr. Nr sec |kgiem?| % % % mm % % kg/cmi| kg/em?| B - 18
high
1 | Sursee A-178€ | 040 - =3 49 6191 2m 548 89 4 0075 "o 163 w77 251 2862 1506 very high
2 | N1 St Gallen ( Feld n‘) L 303 046 20 - 50 5 958 3789 697 1770 | 0063 "y 1’4 621 20 720 20w | high
3 | Bordsten _ Elementbeton A-251 048 — - X3 464 305 839 26422 | oos0 w3 198 3s a3 2010 2l .
¢ | N6 Kiesen _ Spiez FIl)A = 40 540 | 2081 526 a1 | oors | 101 %3 w0 199 w08 | 19 ¥
s " [ = — o " " " " 0 “ i u ) i " 0 B
[ Mo " - - == (] " L " " " " . - - . - x
7 " " -— -— — 3 " " - -~ " " ~ - - » " " .
L] " " — - — - " " " “ “ . Ll i " " .
L " " - = L] " " L] " * " - L) » - " .
30 | N12 Landguart | 4225 045 | a0 527 | 38 238 1 vew | e 1067 ) goss | o hid] 4 1780 846 [
11 | N6 Kiesen _ Spiez LZALITY - - - — s47 | 2050 | 526 sutr | oors | 103 3 w1 199 008 | @1 '
12 | N3 Lenduant A 225 045 70 76.0 32 5204 [ 1ea1 | sre 1223 | oon [ w05 50 356 ®0 275 | 1368 L
13 [NE Kiesen (Restplatz) [ait9l 042 - - 50 w7 | 1om | 610 %9 | ooeo | 92 128 w72 220 20 | w20 | Medum
% | Surses a9€E | 0w - . W s | 1o | e 4t | 0wz | ne 150 7.4 96 w06 | S64 *
15 | Sursas a9 | 02 [T = 40 wise | 1350 | s28 505 | 0100 | 1214 189 197 02 T 720 | very high
18 | NY 51 Galian Feg 20 |L-298 04 | 62 - 73 6207 | 4vs | 652 1530 | ooss | 122 164 592 %0 0 | 200 .
17 | Lisibach A-207 04 | 70 518 | s 6853 | su0 | so w66 | 004 " 152 842 5 5178 | 2798 .
18 | Tessin aeee | o4 | 90 862 27 asee | 2 | 731 619 | ooes | 98 o 634 01 4o | 19y | medum
19 | N1 S1 Gaven (Fedd5) |L 305 - — - s am 1o | 37 w0 | oow | 24 0 %o 8l 840 w0 )
20 | N1 St Gallen (Fed 2500 | L 315 — - — 71 11 610 1510 | 3z w0 | uoss | wo LX) 7.1 107 1028 g2 | very high
21 | Sk AG A-20 — — -l = 6087 39 78 e | 0057 09 57 666 361 9% n6s | Nigh v Figh
2 | Tessin A-239 040 | wo n2 4 3 5% 123 | 70 me | oo | ms 75 502 3 wss | wer | Pigh
2 | N1st Gallen (FegEi2) |L 320 i s - || = sy | 303 [ wo | 7o oo | wa | w7 | s3 | 2w | s | woa | PioNvhigh
3% | N3 Landquarl A-225 045 40 639 46 526 2703 60,1 6 4 0 068 02 172 540 265 51 1698 very high
25 | N1 Lsnaguant 4-225 650 60 536 42 2258 | 39w | ste a3 | oo | mg B0 586 20 nz | 209 | high
2 | Tessin A-29 0a | ns 657 | 29 3849 1em | s25 823 | ooes | wo — Bl 83 =03 | 1202 .
z Teasin A2 045 45 555 50 5726 2569 576 0 0083 7?7 n2 83 20?2 225 ny medium
28 | N1 5L Gallen (Feld 62) | A-304 0@ 100 - 58 8871 2005 | w2 %0 | aost | 124 11 279 %2 1680 960 g
2 | N1 St Gallen (Feld 634) | L 324 041 62 - 59 7110 170 | ws 00 | 007 | 10 208 198 125 [T 250 | high
30| N3 Rheintelden A-200 — — - = ) 3206 | 680 782 | oo | ws 50 39 256 220 | 1300 L
31 | Gotthard W1 (Falg 4at |Aa-w7E | 043 | BS 600 s 735 | 208 | sss me | agee | we %1 369 91 2w | wo | VoY Mg
R | sika AG A-240 = = - . 6683 4123 638 B | Bos3 07 6 722 5 @R a6 | medium
33 | NV St Gallen (Feid MY | L33 037 140 - 120 700 1 560 469 840 ©o76 13 R ] 92 nz w2 Y 202 .
B | W B Gaten (Fee ) | L3N — o — 70 630 | 210 W 650 | o2 | 1o 74 78 %6 1868 96 .
1 | N R A-175 042 - 700 as; 4 621 (B4 565 643 0087 127 5y 220 129 150 | 903 high
3% | Tessin A-160 04 ns 657 29 Iy | e | e25 823 | ooss - — 381 83 230 | 202 .
¥ | NG Landguart A-228 050 0 537 50 73% 2640 | 508 eue | 007 | w04 192 508 254 27 | 164 ke
3 Tessin A0 045 8.0 58 6 40 538 2187 612 "4 0075 L 52 ws 206 an 1207 .
% | Tessin a-2% 04s 58 sae | 75 6277 | 220 | @92 830 | oo | wo - %3 205 232 n2 .
@_| N9 Lendguart 225 aus | 50 567 |t s37 | 22w | sea | w23 | ome | ma ny EX wy | aow | g |medium-hio
41 | Getthard 190 (Feto ted | A6 E] 0.43 | 160 50 39 6397 15a | 476 534 | oms | n2 "o 20 26 120 780 | high
@ | Tesun. A6 045 58 546 75 6277 2280 | @2 890 | 0087 - - »9 205 232 | w23 v
&1 | T a-168 040 82 807 48 3953 201 665 1088 | 0078 - — AL 201 w81 1622 very hgh
& | Lwbach a2 | 045 | 40 575 | s7 sas | 3sse | ess 3 | ooz | Ms 190 62 Be me | e [high
45 | W1 St Gunan 430 | 0w | w0 — | e lsa | 2ee | me | moo | oosr | wy | vy | wo | 2 | me | aes | M9h-v high
i | Tessin a-23 040 LY 81 u6 623 EEEE) Nna 2053 | o063 105 153 760 kR %9 1525 | medium
47 | N1 St Gallen (Fetd 7) |L 299 063 160 - a2 2684 Vo | 697 20 | 0os3 | no 153 238 129 %40 780 | high
40 | N3 Rhenfelden A-201 - - - = 51 33680 o 133 | 0067 122 163 563 277 280 1200 h'g"-Vbh'gh
@ | M S Galten A2 0w | 60 - 52 5265 | 3252 | a0 weo | ooa | n2 183 541 20 ss0 | weo | very high
50| N! St Gallen A-203 o | us = (] 754 13w | @ 290 | oous | 107 155 516 ns 5022 | 2%2 | medium
S1 | N} Rhueinfelden | A-201 042 - 500 - 56 18 460 @1 098 "2 152 20 71 1600 850 |very high
52 | M S Gabien |Feld W) | L 300 - -~ —_ 77 RiE 524 s 510 | G062 o n3 L7%) 502 8610 356 | high-v high
53 | Teson a-29 045 | 50 %59 43 532 3403 | 731 w87 | oose | W2 B0 566 03 s | 1w |high
54 | Tewsin A-168 645 s 594 85 595 2510 | 576 w2 | gor - @2 28 266 | 154 .
55 | S AG A-200 - — - = 6441 a6 | 517 6o | 0087 | Wa vy | @n | ze | em | teae |0
6 | Tessin A2 045 30 527 70 5241 2350 | 535 727 | om3 | n w5 460 22 22 | "7 |medium
57 N3 Rhenfelden A-175 — - - - & 661 1946 “we 415 0104 s = us o 2450 1260 tow
58 | N3 Rheinfelden 2176 s - = - V4B 0370 E-13 75 0210 "e - 58 32 46 224 very low
59 | N3 Rheinfelden A-176 — . - - 1208 0035 | 272 20 | oxms | we - 05 03 L) 21 L]
80 | N5 Kiesen . Spiez A1 - = - 1) (B2} oz o s | o2 | wy 123 57 2 %0 80| medwm
61 | Bocdateine _Elementbetin | A-250 (%} ¥ - w8 260 1353 625 ss9 | siay | n2s %5 187 109 o 660 | low
62 | N6 Kiesen - Spiez Frnre]  — - w0 33% 00 | 123 03 | eve | ws 27 07 55 660 160 .
6 " " " " - " » . - f . . W .
[ . " . - - - 4 . . . . . ’ ‘ . 4 .
88 “ “ . - - - L . . . d L s 1 8 . L] . L) very low
6 | N1 Rhentelden A-176 — - - - 1488 0088 260 2y | om2 28 - 12 07 4 | low
87 NY  Lenzburg A-205 — - — - 3193 0628 70 153 0154 79 07 23 79 150 4«00 -
68 N6 Kiesen . Spiez FIN/E _— - — - 139%6 05% 23 1013 0174 105 127 107 55 660 360 »
69 | Hongrin A-209 047 - == - o | ose3 39 v | omws 14 ws 59 w2 N 2%




Figure 33. Continued.
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Figure 34. Test results for concrete with high or very high resistance (disturbance
factor <-10).
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Figure 35. Test results for concrete with high to very high resistance (disturbance
factor = 10).
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Figure 36. Test results for concrete with medium resistance (disturbance
factor =- 5 to -16).
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Figure 37. Test results for concrete with low or very low resistance {disturbance
factor = -7 to -13).
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Figure 38. Concretes according to decreasing durability factor.
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Figure 39. Relation between spacing factors and durability factor.
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Figure 40. Relation between fine pore contents and durability factor.
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Figure 41. Relation between characteristic value and durability factor.
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Figure 42. Relation between supplementary value and durability factor.
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Figure 43. Relation between total air contents and durability factor.
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RELATIONSHIP OF F-T-S RESISTANCE AND PORE
ANALYTICAL CHARACTERISTIC VALUES

The relationship of durability factor WFT, (F-T-S resistance) and individual charac-
teristic values (Fig. 33, cols. 8 to 18) can be assessed from results of the 69 concretes
tested. WFT. was determined from F-T-S test results (Fig. 33, cols. 21 to 25) ac-
cording to ASTM C 666-B,

Figure 38 shows the 69 concretes according to decreasing WFT.. Figure 39 shows
the relationship between the spacing factors AF (col. 12) and WFT, values. A good con-
nection exists within the range of WFT, = 100 to 80 percent in which the spacing factor
varies between 0.05 and 0.1 mm. Inthe medium range, WFT; = 80 to 50 percent, a
connection between these variables is less pronounced, and at low WFT; values, <50
percent, a wide scattering exists.

Figure 40 shows relationships between fine pore contents Lsgo (col. 9) and WFT;
values. A relatively good interrelation exists within the higher ranges, WFT; = 100
to 90 percent.

Figure 41 shows the relationship between the characteristic values Vi (col. 15) and
the WFT, values. A restricted relationship with strong variations of V; can be seen
in the higher ranges of WFT, values.

" Figure 42 shows the relationship between the supplementary value WB; (col. 17) and
the WFT; values. A loose connection exists between the two curves. Figure 43 shows
the relationship between total air contents L, (col. 8) and WFT, values. A loose as-
sociation of the two curves exists with strong variations in the L, values.

Figures 38 through 43 show that an estimate of the F-T-S resistance based on indi-
vidual characteristic values and even on the spacing factor will have only limited
meaning. An essentially stronger determination is achieved when all characteristic
values are included in the assessment (Figs. 1, 34, 35, 36, and 37).
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