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Monitoring Mortar Bar Alkali-Aggregate 
Reactivity 

THOMAS M. HEARNE, JR., ]ACK E. COWSERT, AND v. OWEN CORDLE 

Extensive and progressive pattern cracking was observed in four 
recently constructed North Carolina bridges. Petrographic ex
amination (ASTM C-295 and C-856) showed the presence of 
alkali-silica gel in concrete cores, but a quick chemical test (ASTM 
C-289) on the suspect aggregate proved inconclusive. To establish 
the alkali-aggregate reactivity potential of the aggregates used in 
these bridges and to identify the nature and extent of reactivity 
of selected aggregates in North Carolina , a series of mortar bar 
tests (ASTM C-227) was conducted. Mortar bar specimens were 
prepared with combinations of a high-alkali cement and several 
different aggregates. In addition to length and weight measure
ments, two different compression wave velocity measurements 
were made over a 1-year period. The standard ultrasonic pulse 
velocity (ASTM C-597) was determined in addition to a velocity 
determination referred to herein as a cycle velocity. The cycle 
velocity is obtained by striking one end of a mortar bar to initiate 
a compression wave that reflects back and forth through the bar. 
An oscilloscope measures the output of an accelerometer attached 
to the opposite end, displaying a peak for each arrival of the 
compression wave at the accelerometer. The compression wave 
velocity is then determined from this fundamental mode of vi
bration. In these mortar bar tests, the cycle velocity measurement 
was more repeatable than for the ultrasonic pulse velocity. How
ever, both ultrasonic and cycle velocity measurements are good 
laboratory indicators for monitoring the progress of alkali
aggregate reaction. Pulse and cycle velocities are inversely re
lated to expansion, while weight changes of the mortar bar speci
mens are poorly correlated with expansion. The tests revealed 
that some North Carolina aggregates are reactive and should not 
be used with high-alkali cements. 

In the spring of 1987, members of a federal highway inspection 
tour observed extensive pattern cracking in the wing walls of 
the James Garrison Bridge over Lake Tillery on NC 24-27-
73, approximately 8 mi east of Albemarle , North Carolina. 
Constructed during 1977-1978, this structure exhibited no 
noticeable cracking in the superstructure until 1982, when 
cracking in the end bents and wing walls was photographed. 
A 1984 inspection report noted cracking in lhe <leek, abutment 
and back walls of end bents, pier caps, and columns. Cracking 
has progressed, and although it is most extensive in the wing 
walls and caps, some cracking is present in all components of 
the structure. Bridge maintenance inspectors have noted that 
the cracking severity is higher than that observed in most 50-
year-old bridge structures. Additionally, cracking was noted 
in a seal during inspections in 1978 and 1980. The seal was 
repaired in 1981, and extensive repairs on all seals were made 
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in 1988. The wing walls and caps were sealed and injected 
with epoxy in 1987. 

Project records show that concrete for the bridge construc
tion was provided by an infrequent supplier of concrete to 
state projects. However, the records do not indicate that any 
problems were encountered with the concrete during con
struction. Standard acceptance tests met specification require
ments. The concrete mixes used for the James Garrison Bridge 
were composed of Lone Star Type I cement, Lilesville sand, 
Gold Hill Quarry coarse aggregate , Albemarle city water, and 
W. R. Grace's Darex and Daratard 17 admixtures. 

The Lilesville sand is used widely throughout the southern 
Piedmont and southern Coastal Plain sections of North Car
olina and has no previous record of expansion-related prob
lems in concrete . The Gold Hill Quarry , located in the Car
olina Slate Belt, produces aggregate classified as a meta-argillite. 
This material is used infrequently in concrete, but easily passes 
the standard quality tests for wear and soundness; the LA 
wear is among the lowest in the state. No evidence was found 
of any problems with either the water or the admixtures used 
in the concrete mix . 

The cracking is best described as pattern or map cracking. 
Cracks on the surface typically extend only 1or2 in. in depth 
before disappearing into a myriad of finer cracks. A contin
uous longitudinal crack is present along the top of the wing 
walls. Core fragments are characterized by fractured aggre
gates with dark rims around the coarse aggregate pieces. White 
deposits are present on the fractured faces of the coarse ag
gregate. Petrographic examinations confirmed that these de
posits are alkali-silica gel. Even though the cracking is exten
sive, intact cores taken from the wing walls exhibit very high 
compressive strengths-some in excess of 7,000 psi. 

Unfortunately, the alkali content of the cement used in this 
bridge is unknown . Tests for alkali contents of cement used 
in construction projects were not conducted in North Carolina 
until 1988. Shipments of Lone Star Type I cement during the 
late 1970s typically had alkali contents around 0. 7 percent . 
However, there are no records to verify the alkali content for 
this structure. 

Three additional bridges in North Carolina that exhibited 
similar cracking were soon identified. Because records for all 
three bridges, constructed in the late 1970s, had been de
stroyed, the cement source could not be identified. Gold Hill 
Quarry aggregate was identified as the coarse aggregate used 
in one of the bridges. Laboratory sampling records revealed 
that both Neverson and Princeton Quarry aggregates were 
shipped to the other two bridge sites. The locations of all four 
bridges exhibiting cracking from suspected alkali-aggregate 
reaction are shown in Figure 1. 
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FIGURE 1 Bridge and quarry locations. 

The initial investigation of the cracking raised many ques
tions and uncertainties involving aggregate sources, cements, 
and mix designs. Materials engineers conducted a series of 
mortar bar tests with combinations of a high-alkali cement 
and several different aggregates to identify the nature and 
extent of the alkali-aggregate reactivity problem in North Car
olina. Reported herein are the results of those tests. 

ALKALI-AGGREGATE REACTIVITY TESTS 

The following test methods have been used to establish 
if an aggregate is either alkali-reactive or potentially alkali
reactive (I): 

l. Petrographic examination, ASTM C-295 and C-856; 
2. Rock cylinder test, ASTM C-586; 
3. Quick chemical test, ASTM C-289; 
4. Mortar bar test, ASTM C-227; and 
5. Testing of concrete prisms, ASTM C-157. 

The details of these test methods will not be described 
herein but can be obtained from the appropriate ASTM test 
standard or from almost any good reference that addresses 
suitability of aggregates for concrete. Unfortunately, all of 
these test methods have serious limitations. The tests either 
require long time periods or provide unrepeatable or incon
clusive results that do not correlate with field experience. The 
mortar bar test has shown good correlation with field expe
rience (2), but many years may be required before judgment 
on a slowly reactive aggregate can be made. The results of 
the quick chemical test (ASTM C-289) are often inconclusive 
(1,2). Petrographic examination, although a valuable and nec
essary procedure for identifying specific alkali reactive rocks 
and minerals, cannot establish magnitudes of expansion 
for a given aggregate. Therefore, a rapid and conclusive test 
for evaluating alkali-aggregate reactivity remains to be 
developed. 

Since the quick chemical tests proved inconclusive for the 
Gold Hill aggregate, the mortar bar test method was selected 
in an attempt to reproduce the results observed on the James 
Garrison Bridge. Although long time periods would be re
quired before conclusions could be made, this method best 
fit testing needs and capabilities. 

In the mortar bar test, the suspect aggregate is crushed 
down to a specified sand-size grading. This crushed aggregate 
is then combined with a cement with an equivalent alkali 
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content of greater than 0.6 percent and a specified amount 
of water to make a mortar bar approximately 11.25 x 1 x 
1 in. To accelerate the rate of reaction, a high water/cement 
ratio was used, and the mortar bars were stored over water 
in sealed stainless steel containers maintained at a tempera
ture of 100°F. The aggregate is considered reactive if the 
mortar bar expands by more than 0.05 percent after 3 months 
or more than 0.1 percent after 6 months, as noted in ASTM 
C-33. 

CEMENT AND AGGREGATE SELECTION 

Lone Star Type I cement with an equivalent alkali content of 
0.74 percent was used for all test specimens. A variety of 
material types was selected for the investigation, ranging from 
those suspected of high reactivity potential to those with many 
years of excellent field performance. Ten different aggregate 
sources were selected for the initial series of tests. The Gold 
Hill, Lilesville, Neverson, and Princeton aggregates, either 
suspected or known to have been used in the distressed struc
tures, were included in the study. Stalite, an expanded light
weight material formed by heating Gold Hill Quarry aggre
gate in excess of 2,000°F, was also included because of the 
field experience with the parent material. Stalite was used 
recently with a high-alkali cement in a bridge deck in western 
North Carolina. Asheboro and Bakers Quarry aggregates were 
selected because of their geological similarity to Gold Hill 
aggregate. The Woodleaf and Charlotte quarries were se
lected as widely used, trouble-free concrete aggregate sources; 
aggregates from these quarries have been used for years with 
a variety of cement types with no documented problems. Ma
terials engineers anticipated that the test results would con
firm this field experience. The Benson Quarry aggregate, a 
fine-grained volcanic tuff, was the final material selected for 
study. 

Shown in Figure 1 are the locations of the quarries. Stalite 
aggregate is produced at the Gold Hill Quarry location. Table 
1 presents the classification and quarry location of each ag
gregate chosen for the investigation. 

SAMPLE PREPARATION 

The procedures in ASTM C-227 were followed with three 
important exceptions. First, the aggregates were not washed 
after crushing and sieving to the proper size. Proponents of 
washing argue that the very fine particles that cling to the 
larger aggregate pieces will react very quickly with available 
alkalis to form a product that will not expand. Washing the 
aggregate will remove these particles, which will then allow 
for greater expansion of the bar. To take a conservative ap
proach to this problem and more closely simulate the field 
condition, engineers elected not to wash the aggregate. Sec
ond, wicking material was not used inside the storage con
tainers. Third, the amount of Stalite aggregate used to form 
the bars was reduced by 50 percent to maintain a water/cement 
ratio similar to the other specimens. 

Four mortar bar test specimens were made for each aggre
gate, two from each of two batches made on different days. 
Twenty-four hr later, the mortar bars were removed from the 
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TABLE I Quarry Locations and Aggregate Classifications 

Quarry Classification Location 

Asheboro Meta-Argillite North of Asheboro 

Bakers Meta-Argillite Near Monroe 

Benson Volcanic Tuff Southern Johnston County 

Charlotte Coarse-Grained Granite North Charlotte 

Gold Hill Meta-Argillite Off US 52 near Cabarrus-

Rowan County Line 

Lilesville Silica Sand Ea~t of WadQ~boro 

(Pit) 

Neverson Coarse-Grained Granite Near Wilson 

Princeton Rhyolite Northwest of Goldsboro 

Stalite Derived from Meta- At Gold Hill 

Argillite 

Wood leaf Coarse-Grained Granite Northwest of Salisbury 

molds and initial length measurements made. Subsequent length 
measurements were made at 2 weeks, 1 month, and at monthly 
intervals throughout 1 year. 

ADDITIONAL TESTS 

In addition to the normal length measurements, three other 
measurements were made on the mortar bars: weight, pulse 
velocity, and a velocity referred to herein as a cycle velocity. 
The weight change measurements were not conducted under 
carefully controlled time, temperature, and humidity condi
tions. These measurements were made before returning the 
bars to the storage containers after conducting the other tests. 
Hopefully, weight changes measured under these conditions 
would reflect long-term trends. Questions to be answered 
during the study included the following: Is expansion accom
panied by corresponding weight gain? How large is this gain? 

The ultrasonic pulse velocity was also determined. In this 
procedure (ASTM C-597), a high-frequency compression wave 
pulse (54 kHz) is generated by an clcctroacoustical transmitter 
held in contact with one end of the mortar bar. After traveling 
through the bar, the pulses are received by a transducer in 
contact with the opposite end of the bar. The transit time is 
measured electronically in microseconds. The pulse velocity 
is then calculated by dividing the length by the transit time. 
Because velocity is a measure of stiffness of the material, it 
is a desirable property to consider for evaluating structural 
concrete both in the laboratory and in the field. Nondestruc
tive evaluation of stiffness changes in the specimens during 
the progression of the alkali-aggregate reaction can be made 
with velocity tests. 

The cycle velocity test is a technique for determining the 
compression wave velocity from the fundamental longitudinal 
vibration of the mortar bars. A small marble suspended on a 
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string strikes one end of the mortar bar and causes the bar 
to vibrate in the longitudinal direction (see Figure 2). An 
oscilloscope displays the output from an accelerometer at
tached to the opposite end of the bar. The mortar bar vibrates 
in a manner analogous to what occurs when a suspended 
spring is pulled and released. When the marble strikes the 
bar, a compression wave is generated that travels the length 
of the bar to the accelerometer. The arrival of the compression 
wave at the accelerometer is recorded as the first peak on the 
oscilloscope trace in Figure 2. The compression wave reflects 
from this end, returns to the end the marble struck, reflects 
again, and returns to the accelerometer to complete the cycle 
and form the second peak on the trace. Therefore, the elapsed 
time between consecutive peaks on the oscilloscope trace 
represents the time required for the compression wave to 
travel twice the length of the bar. The velocity is computed 
by dividing twice the length of the mortar bar by the time 
interval from one peak to another on the oscilloscope trace. 
High compression wave velocities in concrete and the cor
responding short travel distances in the mortar bars make 
accurate time measurements essential for both the ultrasonic 
and cycle velocity tests. In the cycle velocity tests, the time 
representing 10 complete vibration cycles was measured to 
the nearest microsecond with a digital oscilloscope. 

The two velocities, ultrasonic and cycle, should not be the 
same, because of the effects of Poisson's ratio on the ultra
sonic velocity measurement. Comparison of the two test pro
cedures over the past 4 years has shown that the cycle velocity 
measurement is a much more accurate and repeatable test 
procedure than the ultrasonic pulse velocity test. Different 
operators using the same oscilloscope typically achieve 
repeatability of test results of 0.5 percent for the cycle velocity 
tests, while repeatability of test results of slightly under 1.5 
percent is achieved for the pulse velocity tests. Because the 
cycle velocity test is nondestructive, quickly performed, and 
highly repeatable, it is especially well suited for testing mortar 
bars. Modern digital oscilloscopes provide the highly accurate 
time measurements that are essential for cycle velocity testing. 

RESULTS OF TESTS 

Length Changes 

The first month's length changes are shown in Figure 3. The 
values are averages of the length changes for the four bars 
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FIGURE 3 One-month mortar bar expansion. 
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representing each aggregate . Note that after 1 month, Gold 
Hill specimens have not expanded as much as three others , 
two of which (Wood leaf and Lilesville) are widely recognized 
as excellent concrete aggregates. However, Figure 4 shows 
that after 2 months, the expansion rates changed dramatically. 
The Gold Hill bars expanded rapidly and tied Stalite for the 
greatest total expansion. Note, however, that the second 
month's expansion could not be predicted from the first month's 
results. After 3 months, Gold Hill emerges as the material 
expanding most rapidly, but again as can be observed in Fig
ure 5, the expansion values cannot be predicted from one 
month to the next. Also note that after 3 months, the four 
most expansive materials are argillites. All materials are ex
hibiting some expansion, but it is reassuring to observe that 
the Charlotte Quarry mortar bars have expanded the least. 
During the next 3 months, the unpredictability of the rate 
and ~mount of expansion continues, as shown in Figure 6. 
After 6 months, the only mortar bars exceeding the limit of 
0.1 pe ryent expansion are the ones formed with Gold Hill 
aggrega~e . Therefore, Gold Hill <iggregate is con idered to 
be reactive by the ASTM C-227 mortar bar test procedure. 
Based on total length change after 6 months , the 10 aggregates 
are ranked as follows from most to least reactive: Gold Hill, 
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FIGURE 4 Two-month mortar bar expansion. 
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FIGURE 5 Three-month mortar bar expansion. 
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Bakers , Asheboro, Stalite , Princeton, Woodleaf, Lilesville, 
Benson, Neverson, and Charlotte . 

Noting the unpredictable month-to-month expansion and 
the recent acceleration in expansion of the mortar bars made 
with Asheboro, Bakers, and Gold Hill aggregates, engineers 
decided to continue testing with monthly measurements through 
1 year. Although the 0.1 percent expansion limit was not 
reached by either the Asheboro or Bakers aggregates after 
the first 6 months, their expansion rates were accelerating. 

Figure 7 shows the expansion rates in 2-month intervals for 
the 1-year study period . Expansion in the Benson, Charlotte, 
Lilesville, Neverson, and Woodleaf specimens has slowed, 
and although the Stalite specimens are continuing to expand 
at a slightly higher rate, the rate of expansion is decreasing. 
A disturbing development is the slow but continued expansion 
of the Princeton Quarry aggregate. During this second 
6-month period Princeton surpassed Stalite in total expansion. 
Table 2 is a rank order comparison of expansion at 1, 3, 6, 
and 12 months. Princeton and Stalite aggregates are moving 
in opposite directions during the I-year period. At 6 months 
Stalite led Princeton in total expansion, but after 12 months 
Princeton led Stalite in expansion by approximately 30 
percent. 
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FIGURE 7 Twelve-month mortar bar expansion. 

Weight Changes 

Figures 8 and 9 show the 6- and 12 month percentage weight 
gains, respectively, for the 10 aggregate sources. The weight 
gains are expressed as a percent weight gain when compared 
to the 1-month weight. All specimens show an increase in 
weight, but weight change does not correlate well with length 
change. The 12-month comparisons presented in Table 3 show 
that weight change is not a good indicator of expansion in the 
mortar bars. 

Velocity Changes 

The 6- and 12-month ultrasonic velocity test results are shown 
respectively in Figures 10 and 11. The corresponding cycle 
velocity summaries are shown in Figures 12 and 13. The values 
in all four figures reflect percent velocity change when com
pared to the 1-month velocity measurement. The general pat
terns developed in both test methods agree and clearly show 
the inverse relationship between length and velocity changes. 
Those specimens exhibiting the smallest length changes show 
the largest velocity increases, and those specimens exhibiting 

TABLE 2 Rank 01·der Comparison Based un Length Changes 
over 12-Month Period in Order from Most to Least Reactive 

1 Month 3 Months fi Months 12 Month~ 

l. Lilesville Gold Hill Gold Hill Gold Hill 

2. Stalite -- Stalite l_ Bakers Bakers 

J. woodleat Bakers Asheboror Asheboro 

4. Gold Hill Asheboro Stalite Princeton 

5. Bakers I Princeton -- Princeton stalite 

6. Neverson Woodleaf Woodleaf Benson 

7. Princeton Lilesville Lilesville Woodleaf 

a. Asheboro Neverson Benson Lilesville 

9. Charlotte Benson Neverson Charlotte 

10. Benson Charlotte Charlotte Neverson 
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FIGURE 8 Six-month weight gain. 
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FIGURE 9 Twelve-month weight gain. 

TABLE 3 Weight Change Rank Order 
Compared with Length Change Rank Order 
at 12 Months 

Length Change Weight Change 

Rank Quilrry Rank 

l Gold Hill 9 

2 Bakers ·2 

3 Asheboro 8 

Princeton 3 

5 stalite 1 

6 Benson 10 

7 Woodleaf 

8 Lilesville 6 

9 Charlotte 

10 Neverson 

1.6 1.8 

2.4 

2.5 3 
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FIGURE 11 Twelve-month ultrasonic velocity change. 
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the greatest expansion show the smallest increases in velocity. 
At the end of 1 year, both Gold Hill and Asheboro aggregates 
have lower velocities than they did at 1 month, indicating 
some detrimental process has occurred. Normal concrete con
tinues to undergo hydration and strengthen with time. There
fore, the mortar bar specimens are expected to show a small 
but continued increase in velocity with time. Presented in 
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FIGURE 13 Twelve-month cycle velocity change. 

TABLE 4 Length Increase and Cycle Velocity 
Increase Comparison at 12 Months 

Length Change 

l. Gold Hill 

i. Bakers 

J. Asheboro 

4. Princeton 

5. Sta lite 

6. Benson 

7. Wood leaf 

8. Lilesville 

9. Charlotte 

10. Neverson 

Cycle 

Velocity Change 

Woodleaf 

Charlotte 

Benson 

Lilesville 

Neverson 

Stalite 

Princeton 

Bakers 

Gold Hill 

Asheboro 
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5.9 

6 7 

Table 4 are the relative ranks of lengths and cycle velocity 
change after 12 months. Note that the five aggregates with 
the greatest expansion also show the lowest velocity gains . 

SUMMARY AND CONCLUSIONS 

The distresses observed in the four bridges described herein 
are caused by alkali-aggregate reaction in which expansion 
and cracking are caused by a slowly progressing reaction be
tween alkalis in the cement and silica in the aggregate. Al
though all test specimens expanded during the 1-year test 
period, there is a wide range both in the amount and rate of 
expansion. Expansion rates have been variable and unpre
dictable during the 1-year test period . Due to the excessive 
expansion observed in the mortar bar tests (ASTM C-227), 
Gold Hill aggregate is considered reactive. These results, when 
coupled with the field performance record in two bridges, 
clearly indicate that the Gold Hill aggregate should not be 
used in concrete with high-alkali cements. 

Both ultrasonic pulse and cycle velocity measurements are 
good laboratory indicators of the progress of the alkali-
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aggregate reaction. However, the magnitude of the velocity 
changes is small, albeit many times greater than corresponding 
length changes. Velocity and expansion are inversely related. 
Specimens with the greatest increases in velocity over the past 
year exhibit the least expansion, and those specimens with 
the smallest increases in velocity exhibit the greatest expan
sion. The cycle velocity has proven to be a simple, reliable, 
and highly repeatable test procedure, better suited for mortar 
bars than the standard ultrasonic pulse velocity test procedure 
(ASTM C-597). Weight changes of the mortar bar specimens 
show no correlation with expansion . 

In addition to the Gold Hill aggregate, aggregates from 
Asheboro, Bakers , and Princeton quarries performed poorly 
in both the expansion and velocity tests. Over the second 6 
months, both the Asheboro and Bakers mortar bars have 
expanded more than the Gold Hill bars, while the expansion 
of the Princeton mortar bars continues at a steady albeit slower 
rate. Velocity tests in all four of these materials are abnormal 
and further reinforce the field observations of poor perfor
mance for the Gold Hill and Princeton aggregates. Both length 
and velocity measurements show that the Neverson aggregate 
has performed extremely well . 

Clearly, some reaction has occurred with the Stalite aggre
gate . The amount of expansion is twice that of other aggre
gates with good performance histories , but the Stalite expan-
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sion has continually slowed during the second 6-month period , 
and velocity changes have been positive. 

Shortcomings in mortar bar testing were highlighted during 
the 1-year testing period. Expansion rates are unpredictable, 
and in the opinion of the authors, the total expansion is the 
critical factor to consider and not the time frame. Some ma
terials expand quickly and then slow considerably, while others 
show continued slow expansion. The 3- and 6-month expan
sion limits of 0.5 and 0.1 percent, respectively, as presented 
in ASTM C-33, do not identify the slow reactor. However, a 
test requiring years to complete is not useful from a practical 
viewpoint. Questions remain after 1 year of testing, and mor
tar bar testing of all aggregate sources is not practical. There
fore, a need exists for a more rapid and reliable test to assess 
alkali-aggregate reactivity. 
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