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ABSTRACT:Several cracks were found on the surface of the concrete foundations that support the steel

towers of the Luohe(漯河)-Huaiyang (淮阳) high-voltage electricity transmission line that is 20 years
old and situated in an inland salt lake environment in North China. To analyze the deterioration mecha-
nism that led to this condition , field investigations were carried out and several tests were conducted on

the soil and the affected concrete , including XRD (X-ray diffraction), electric probe analysis , and
chemical analysis. The results show that the concentration of sulfates is very high (0. 39% wt. - 0. 67%

wt.) in both the surrounding soil and the material around the coarse aggregates inside the concrete.

Hence , sulfate attack could be one of the main causes of concrete deterioration. The percentage of sul-
fates in the surface layer of the concrete was higher than that in the inner layers of the concrete. The sul-

fates penetrate into the concrete and react with the hydrates of cement to form ettringite(AFt), which
leads to increase in the volume and cracking of the concrete.
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INTRODUCTION

Sulfate a ttack is one of the reasons fo r concre te

st ructures deterio rating earlier than usual , thus

show ing poor durabi li ty. The SO 2 -
4 f rom the sur-

rounding envi ronment such as ocean , saline , g round

w ater , and even the concrete it self , reacts wi th the

hydrat ion products o f cement , w hich leads to the de-
teriorat ion of the concrete (Li et al. , 2000;Kang ,
1995;Neville , 1983;Samarai , 1976). The deterio ra-
tion includes three processes:the external sw el ling ,
cracking , peeling , and disjointing caused by the fo r-
m ation o f et tringite and gypsum ;st rength and hard-

ness reduction because of the dissolution and decom-
posit ion of hydrate CH and C - S - H ;and st ructure

disinteg rat ion because o f the fo rm ation of thauma-
site.

The Luohe-H uaiyang high-voltage elect ricity

t ransmission line , w ith a length of 72 km , i s located

in No rth China. Four separate concrete foundat ions ,
m ade of g rade C15 - C20 concre te , suppo rt each steel

tow er. The t ransmission line w as comple ted in 1986.

Cracking w as discovered on most o f the concrete

foundations o f the tower in January 1999. The lar-
gest crack had a width o f 45 mm and a depth of ap-
proxim ately 60 m m. The Luohe-H uaiyang high-
vo ltag e t ransmission line is lo cated close to an inland

salt lake in w hich the estim ated salt content w as

4 000 000 t. Because of the pro ximi ty to saline w a-
ter , the concre te foundat ions are in salt-contaminated

soil that contains many harmful ions such as SO
2 -
4



and M g2+. H ence , i t is likely that the concrete suf-
fers f rom sulfate at tacks (Yu , 1999).

EXPERIMENTAL PROCEDURE

Preparation of Samples

Fo r analy sis and research , the concrete founda-
tion of the 220-kV Luohe-H uaiy ang high-voltage

t ransm ission line was divided into three layers:(1)
The surface layer , approximately 0 - 30 mm below

the ex ternal surface , in w hich the concrete has

cracked. (2) T he transitio n layer , approxim ately 30

- 60 mm below the ex ternal surface , w he re only a

few cracks w ere found. (3) T he body lay er , approxi-
m ately 60 mm below the ex ternal surface , w hich re-
presents the perfect concrete. During the in situ ex-
amination , the investig ation and analy sis of eight

concre te foundations along the line w as carried out

acco rding to the area and the degree of cracks. On

the basis of the three-layer classification , four speci-
m ens , each w eighing 4 kg , w ere collected f rom each

foundation. In addit ion , the characteristics of soil ,
w hich is the homo logous environment surrounding all

the concrete foundations , w ere evaluated. Samples of

soil , weighing 2 kg per sam ple , w ere taken at a

depth of 80 cm near the tow er to avoid the inf luence

of w ashing of f o f ions by rain w ater and the lo ss of

ions due to w ater ev aporat ion. All the co llected soil

samples w ere sealed in black plastic bags.

Preparation of Spot Samples for Analysis

The soil sam ple w as dried at (105±5) ℃. A to-
tal of 500 g of dry soil sam ple w as taken and dis-
solved in 1 000 mL of w ater. The so lut ion w as main-
tained unde r constant sti rring for 24 h to ensure that

the SO 2 -
4 ion dissolved completely in the soil.

The coarse agg regates f rom the concre te sample

were ground into pow der w ith a part icle size of less

than 0. 08 m m. A to tal of 20 - 25 g of the powder

w as selected by quartat ion and w as dried. One g ram

of the dried pow der w as mixed w i th 10 mL o f H Cl

solut ion (1∶1) such that the SO 2 -
4 ion of the agg re-

gate w as com pletely dissolved. The SO3 content in

the coarse aggregate of the concrete sample w as de-
termined using the w eight method of barium sulfate

(see GB /T14685 93).
The sam ple o f hydrated cement paste containing

som e fine agg regates w as obtained af ter the coarse

agg regate w as rem oved from the concre te specimen.

The paste w as also g round into pow de r w ith a parti-
cle size of less than 0. 08 m m befo re analy sis.

Research Methods

Chemical analysis

Chemical analy sis w as car ried out to measure the

SO 3 content of each of the three layers o f the concrete

foundation to est imate the ex tent of SO 2 -
4 invasion in

the concrete. The content of pure hydrated cement in

the component can be obtained by deducting the con-
tent o f sand that is mixed w ith i t , w hich is less and

constant because o f the differences in the g rinding

prope rty .

X-ray diffraction analysis
X-ray dif f raction (XRD) data w ere co llected at

ro om temperature wi th a RIGAKU D /M AX RB di f-
f ractometer , using g raphi te monochrom ated Cu-Kα

radiat ion. The experiment parameters we re as fol-
low s:DS=1 , SS =1°, RS=0. 3 mm , scan speed 10

°/min.

Quantitative X-ray diff raction analy sis (QXDA)
w as applied using the equat ion proposed by Copeland

and Bragg (1958) that relates the ra tio of the intensi-
t ies (I0 and I1) of the XRD lines of the tw o compo-
nents of a mix ture to the ratio o f the w eight f ractions

(w0 and w1) of tho se components (Ye , 1994)
I0 / I1 =αw 1 /w0 (1)

w here αis the propor tionali ty constant .

Electronic probe

An elect ronic probe (JCXA 733) m anufactured

by JEOL Co. (Japan)w as used to analy ze the micro-
structure of the concrete , and the experimental pa-
rameters w ere as follow s:accelerating pressure , 20

kV ;elect ric current , 20 mA.

RESULTS AND DISCUSSION

SO3 Content inside and outside the Concrete Foundation

The rate of the concrete sulfate attack depends

on the catego ry , the concentration o f the erosion

media , and the SO
2 -
4 concentration inside the con-

crete. The higher the concentrat ion of the eroding

ions , the greater the speed of erosion.

Table 1 show s the classification of the degree o f

erosion based on the concentration of SO 3 in soi l and

in groundw ate r according to the related cri terion o f

Ame rica (Gong and Liu , 1990).

Table 2 show s the SO 3 content in the soil around

the concrete foundation of the Luohe-H uaiy ang high-
vo ltag e t ransmission elect ricity line. The SO 3 concen-
t ration in the soil around the concrete foundat ion is

very high and belongs to the mode ra te o r severe ero-
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sion g rade , the SO 3 m ay dif fuse in the interior con-
crete as SO 2 -

4 io ns and cause the sulfate a ttack. T able

3 show s the extent of dam age of the concrete founda-
tion on spot test. It is seen f rom Tables 2 and 3 that

the deg ree to w hich cracks occur in the concrete is

propo rtional to the SO3 content in the environment ,
i. e. the higher the SO 3 content in the environment ,
the m ore seve re the cracking . Therefore , a high SO3

content in the soi l around the concrete foundation

m ay be one of the reasons for the cracking of the con-
crete.

Table 4 show s the SO 3 contents of the coarse ag-
g regates in the concrete foundations. It i s seen that

the SO 3 contents of all the coarse agg regates are very

low and satisfy the related standard (GB /T14685

93), w hich advocates that the SO 3 content should be

less than 1% of the agg regate w eight to avoid sulfate

at tack inside the concrete.

Table 1　Classif ication of soil containing sulfate

Ero sion deg ree So luble SO3 in soil(%) SO3 in gr oundwa te r (ppm)

0 None 0 - 0. 10 0 - 150

Ⅰ W eak 0. 10 - 0. 20 150 - 1 000

Ⅱ M edium 0. 20 - 0. 50 1 000 - 2 000

Ⅲ S trong >0. 50 >2 000

Table 2　Content of SO3 and the erosion degree of environment soil of the concrete foundation

No . 026A 039B 041A 095A 101C 107D 128A 135B

SO 3 content(%) 0. 67 0. 56 0. 58 0. 53 0. 42 0. 39 0. 45 0. 42

Erosion deg ree S trong Strong Strong Strong M edium M edium M edium M edium

　　　No te:026A indicates the A foundation o f iron towe r No. 026 , and so on.

Table 3　Details on the cracks recorded in the concrete foundation

026A 039B 041A 095A 101C 107D 128A 135B

M aximum leng th of crack (cm) 85 80 80 75 65 60 65 60

M aximum w idth of crack (mm) 4. 5 3. 1 2. 0 1. 8 1. 0 0. 4 0. 5 0. 5

Total number of c rack 10 8 9 8 6 4 5 3

Table 4　SO3 contents of the coarse aggregates of the concrete foundation

No . 026A 039B 041A 095A 101C 107D 128A 135B

SO 3 content(%) 0. 43 0. 38 0. 41 0. 29 0. 35 0. 37 0. 30 0. 50

SO3 Content of the Concrete Foundation

The content o f SO 3 in hydrated cement in the

concre te foundations is determined by deducting the

agg regate. The results are show n in Fig . 1.

The fol lowing conclusion can be arrived at f rom

the details show n in Fig. 1:(1) The content o f SO3

in the surface laye r of the concre te foundations is be-
tw een 4. 5% and 5. 5%, and there is a rapid decrease

in the SO 3 content f rom the surface layer to the tran-
sitio n layer , w hereas the decrease is com paratively

slow er f rom the transitio n layer to the body laye r ,
w herein the SO3 content is appro ximately 2. 5%. (2)
When compared w ith the SO 3 content o f soil , as

show n in Table 2 , it can be concluded that the SO3

content in the surface layer of the concrete is related

to that in the soil. A high SO 3 content in soil w ill

lead to a relat ively high content o f SO 3 in the surface

layer of the concrete foundations. An analysis of the

SO 3 content of the body layer and the surface layer o f

the concrete foundations show s that the SO3 content

in the surface lay er is considerably higher than the

permissible levels set by the standard (GB 175 - 92)
(<3. 5%) and that the SO3 content in the body layer

according to the crite rion and the variation range o f

the content is 0. 3%. Thus , i t can be considered that

the SO 3 content in the body layer is appropriate for

concrete and is no t inf luenced by the soil.
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Figure 1. SO3 content of the concrete.

　　The content of SO3 in the surface layer increases

by at least 2. 5% because of the penet ration of SO2 -
4

f rom the envi ronm ent . Free w ater in the concre te

foundation and the soil is appro ximately 2% and

15%, respectively . If the SO
2 -
4 penetrat ing in the

concre te keeps f ree , then the SO
2 -
4 concentration in

the concrete may be seven times that in the soil. Ac-
cording to the principle of diffusion dynamics , ion

permeation is nonspontaneous f rom low concentration

to high concentration;hence , the f ree SO
2 -
4 penetrat-

ing the concrete is adso rbed by the products of ce-
m ent hydration or reacts w ith them , w hich leads to a

decrease in f ree SO 2 -
4 concentration and further per-

m eat ion into concrete f rom the envi ronment .

Mineral Component of the Concrete Foundation

Pow de r dif f raction pat terns f rom the concre te

foundations are show n in Fig . 2. Et t ringi te w as

found in each zone , w hich show s that the SO 2 -
4 pene-

t rat ing the concrete from the environment reacts with

the cement hydration products C3A C S  H18 , C3A 
CH  H18 , and Ca(OH)2 to convert to ett ringite , as

shown in the following equation (Taylor , 1990):
C3 A C S  H 18 +2CH +2 S+12H→C3A 3C S 

　　　　　　　　　　　　　　　　　H 32 (1)
C3 A CH  H18 +2CH +3 S +11H →C3A 

　　　　　　　　　　　　　　　　　3C S  H 32 (2)
The rela tive et t ringi te content of the different

zones of each concrete foundation w as est imated

using equation (1). The evaluat ion w as car ried out

using the ratio of the st rongest XRD lines of et t ring-
i te at d=9. 7 ／ to the st rongest XRD lines of stand-
a rd mineral at d =2. 67 ／. Thus , a set of ratio s of

the rela tive w eight f raction of et t ringite of the speci-
m ens w as calculated. For convenient analy sis , the

maxim um of the ratio is termed 1 and is divided by

the rest in turn and then a g roup of new relative

w eight f ractions o f ett ringite is g iven (see Fig. 3).

The relative et t ringi te content of the concrete

foundations is similar to the SO 3 content in the con-
crete , w hich is affected conside rably by the SO 3 con-
tent o f the sur rounding soil. T he et tringite content o f

the t ransitio n layer is much higher than that in the

body layer;however , the si tuation is rev erse be-
tween the surface layer and the t ransit ion layer. The

et t ringi te is considered to have decom posed under the

alkalinity from i ts stable state (pH >10. 7) because

of cracking and carbonization. The pheno lphthalein

test on the plo t show ed that carbonization occurred

part ly o r enti rely in the surface layer , and the pH

w as low er than 10 , in w hich stable et t ringi te canno t

exist. By comparing Fig. 4 w ith Table 3 , i t is seen

that the deg ree o f deterioration of the concrete foun-
dat ions is di rectly propo rtional to the et t ringite con-
tent . The cracks in the concrete foundations are mo re

w hen the et t ring ite content is high. Therefo re , in the

case o f the Luohe-H uaiyang high-vol tage t ransmis-
sion line , sulfate at tack is one of the reasons for the

development of cracks in the concrete foundations.

Microstructure of the Concrete

The absorption and the surface state of the ag-
g regate m ake the w ater film rise up to the surface o f

the aggregate in concrete , w hich resul ts in the forma-
t ion o f a t ransit ion zone be tw een the aggregate and

the cement stone in hardened concrete. This t ransi-
t ion zone is a vulnerable zone that cannot resist the

dest ructive forces or the t ransmission of harm ful ions

(Shen et al. , 1996).

Figure 4 show s the secondary elect ron image

(lef t represents agg regate , right represents cement

paste). F igure 5 show s the line scan of the chemical
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Figure 2. XRD pattern of each concrete foundation.

elements namely Ca , S , and Mg that were identified
in Fig. 4. From the f igures i t can be seen that S and

Mg , scanning w as f rom the agg regate to the cement

stone , appear in turn in their t ransitio n region , i. e.

these accumulate in the t ransi tion area. There is no

obvious peak in the line scans of Ca , w hich show s

that the content in the aggregate (dolomi te) and ce-

ment is equal. The SO
2 -
4 that permeated f rom the en-

vironment accum ulates in the t ransi tion region be-
tween the cement stone and the agg regate;at the

sam e time , an accum ula tion of Mg 2+ that permeated

f rom the environment may occur. By com bining w ith

the XRD analysis , it i s seen that the expansive

et t ringi te form s in the t ransi tion area and leads to
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Figure 3. The relative content of ettringite of concrete foundations. 1 , 2 , 3 are the surface layer , transition
layer and body layer respectively.

Figure 4. Secondary electron image of transition

area(the line is the mark).

Figure 5. Line scan of Ca , S and Mg elements.

cracks when the quantity reaches a certain level be-
cause of the accumulation of SO

2 -
4 and the reaction

wi th the cement hydration products. The concrete is

peeled of f and disinteg rated and low ered in st reng th

wi th the disso lution and decomposit ion of the hydrate

C H and C - S - H. Figure 6 is the backscattered elec-

Figure 6. Backscattered electron image of transition ar-
ea.

tron image of the concrete foundation No. 026A ;
seve ral et t ring ite crystals can be seen in a state o f

sedimentation around the agg regate , w hich is caused

by the existence of many po res in the t ransit ion zone

betw een the agg regate and the cement stone. These

pores are the areas w here the sedimenta tion of SO 2 -
4

occurs , and w hen this sedimentat ion reaches a cer tain

level , the st ress inside the concrete leads to cracking ,
i. e. the sul fate at tack.

CONCLUSIONS

On the basis of the re sults of this experimental

invest igation in the inland sal t envi ronm ent , the fol-
low ing conclusions are arrived at
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(1) The soil around the concrete foundation of

the Luohe-H uaiy ang high-voltage t ransmission line

contains approx imately 0. 39%- 0. 67%SO3 ;thus ,
i t is considered moderately o r severely erosive soil.

The chances fo r the occurrence of sulfate attacks are

very high. The SO 3 content inside the concre te

(coarse agg regate) is in the safe range , that i s , less

than 1% o f the agg regate w eight , and wil l not cause

sulfa te at tack inside the concrete.

(2) T he analy sis of the content of SO3 about the

concre te foundation show s that SO 2 -
4 f rom the soil

surrounding the concrete had penetra ted the concre te

and has caused a m ajo r increase in the SO 3 content in

the surface layer , approximately 5%, w hich is twice

that of the soil close to the concrete foundation.

(3) The XRD analy sis o f the hydration product

of the concre te foundation show s that the SO 2 -
4 per-

m eat ing the concrete reacts w ith the hydration prod-
uct of cement to fo rm e tt ringite. There is a relat ion-
ship betw een the am ount o f e tt ring ite in the concre te

and cracking:the mo re is the et t ringite fo rmed , the

mo re serious are the concrete cracks. H ence , sulfate

at tack is one o f the reasons for cracks occur ring in

the concrete foundat ion of the Luohe-H uaiyang high-
vol tage transmission line.

(4) According to the line scan analy sis o f ele-
m ents in the transition zone betw een the agg regate

and the cement stone , the chemical elements S and

Mg accum ulate in this reg ion and the accum ula tion of

e tt ringite is very obvious in this a rea , as seen from

the micro st ructure analysis.
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