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Foreword 

The preliminary study reported herein was accomplished under Civil 

Works Engineering Study (ES) 537, "special studies for Soil Mechanics 

Problems," sponsored by the Office, Chief of Engineers. The study was 

conducted under the general direction of Messrs. J. P. Sale, s. J. Johnson, 

J. R. Compton, and w. c. Sherman, Soils Division. The study was performed 

by Messrs. W. E. Strohm, Jr., Embankment and Foundation Branch, ·and J. B. 

Palmerton, Soil and Rock Mechanics Branch (SRMB), with the assistance of 

SP4 c. A. Marshall, SRMB, using a finite element computer program developed 

by Mr. Palmerton. - The report was written by Mr. Strohm. Mr. s. J. Johnson 

provided detailed technical review and revisions which improved the text 

of the report. 

Director of the Waterways Experiment Station during conduct of the 

study was COL Ernest D. Peixotto, CE. Technical Director was Mr. F. R. Brown. 

iii 



Foreword • 

Introduction • 

Scope of WES Analyses 

Results of Analyses 
• 

Contents 

• • • . . . . . 
. . 

. . 
Linear elastic analysis, one construction step • 

. . 
• 

·• 

iii 

1 

1 

3 

3 

Linear elastic analysis, eleven construction steps • 3 

Linear elastic, low tension modulus, eleven construction 
steps • • • • 4 

Nonlinear analysis, eleven construction steps 

Comparison of analyses • 

Summary • 
Figures A, B, 1-12 

Tables 1-3 

. . • 

. . . .. 
• . . . 

v 

• 

• • 

• 

4 

5 

6 



PRELIMINARY STUDY 

THE INFLUENCE OF CONSTRUCTION STEP SEQUENCE AND NONLTIIBAR 

MATERIAL BEHAVIOR ON CRACKING OF EARTH AND ROCK-FILL DAMS 

Jntroducti on 

1. The cracking of earth and rock-fill dams was investigated at 

Harvard University under a research effort that was partially supported 

by the Corps of Engineers.* This work utilized a linear elastic finite 

element program a~d a one-step construction sequence that corresponded to 

turn-on of gravity forces after the embankment was in plac~. The procedure 

followed was intended to overemphasize cracking effects, but was found to 

be of qualitative value and generally compatible with field experiences. 

2. While the simple linear elastic analysis appeared useful for 

studying cracking, the assumptions of linear elastic material behavior 

and of a gravity turn-on condition are in conflict with the nonlinear 

behavior of embankment materials and with construction of dams in layers. 

A finite element code developed at the U. S. Army Engineer Waterways 

Experiment Station (WES) by John Palmerton permits analyses for both linear 

elastic .and nonlinear material behavior with any desired number of layers 

of embankment material placed sequentially to simulate actual embankment 

construction. As a consequence, the Office, Chief of Engineers, .requested 

that a preliminary study be made to evaluate the effect of both construc

tion sequence and of nonlinear material behavior on cracking of embankment 

dams. 

Scone of_ WES-Analyses-

3. The WES-Palmerton finite element computer program was used to 

analyze a 100-meter-high triangular valley section of a dam with 45-deg 

* "cracking of Earth and Rock-Fill Dams, A Theoretical Investigation by 
Means of the Finite Element Method," by Sergio w. Covarrubias, Harvard 
Soil Mechanics Series No. 82, April 1969; also see WES Contract 
Report S-69-5. 



abutment slopes (Harvard case LH0-1) and a 100-meter-high trapezoidal 

valley section with 45-deg abutment slopes (Harvard case LH0-3). The 

purposes of these analyses were to evaluate the effect on cracking 

analyses of dams from using (a) a simulated construction sequence and 

(b) both a simulated construction sequence and nonlinear stress-strain 

characteristics of the eml>ankment materials. Four conditions were used 

in each case. 

a. Linear elastic analysis, one construction step (gravity 
turn-on) to compare with Harvard analyses for the same case. 

b. Linear elastic analy8is, 11 construction steps. 

c. Linear elastic analysis with low tension modulus 
1 (Et= 20000 Ec), 11 construction steps, with each step 

applied in four increments. 

d. Nonlinear analysis, 11 construction steps, with each step 
applied in four increments. 

The embankments were fixed to a rigid base along the abutments and foun

dation and were infinite in length in upstream and do.vnstream directions, 

as assumed for the Harvard analyses; i.e. , the analyses were of the plane 

strain type. 

4. The physical properties used in the Harvard analyses were also 

used for the WES linear elastic analyses; these are: 
3 (ll8 pcf). a. Unit weight: 1900 kg/m 

Young's modulus : 
2 

~· 200 kg/cm (200 tsf or 2780 psi}.· 

c. ·Poisson's ratio: o. 35. 

5. In the nonlinear analyses, the same unit y;eight was used; 0 was 

3.0 deg, and the cohesion was 2.1 tsf 2 (2.1 kg/cm}. These values correspond 

to strengths for Canyon Dam reported in a recent contract report* on embank

ment stress analyses by the University of California.· Corresponding values 

·for -K ana n from table 3 of the same report (175 tsf and 0.41, respec-
n tively) were used for determining the initial tangent modulus, Ei = K(cr3} , 

and deviator stress dependent tangent moduli. Shear strength data for 

* WES Contract Report S-69-8, "Finite Element Analyses of Stresses and 
Movements in Embankments During Construction," by F. H. Kulhawy, 
J. M. Duncan, and II. B. seed, WES, November 1969. 
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Canyon Dam material were selected to provide a nonlinear modulus that 

would compare with the modulus used in the linear elastic analysis for 

the computed range of deviator. ~tress. ~ ~l,lmmary of th~ basic non-

linear parameters an.d examples of corresponding mo~ified hyperbolic 

stress-strain curves are shown in fig. A. A ·1ine for E used in the 

linear analysis is also shown in fig. A. The terms K and n are 

defined in fig. B. For the nonlinear finite element analysis, it was 

assumed that the soil had no tension resistance, regardless of the 

cohesion. 

Linear elastic analysis, 
one construction step 

Results of Analyses 

6. The linear elastic analysis presented in the Harvard report for 

the triangular valley.section, Harvard case LH0-1, is reproduced as fig. 1. 

The grid shown is the one used in the WES analysis (the grid used by 

Harvard is not known). The results of the WES analysis are shown in fig. 2. 

Check marks in fig. 1 show the locations of principal stresses sho.vn in 

fig. 2. Almost identical results were obtained in the WES analysis. Slight 

differences occurred where centers of elements in the WES analysis did not 

match those in the Harvard analysis. The same zone of tension and crest 

displacements were obtained in the WES analysis. The distribut{on of 

vertical dispiacernents at the center line versus depth is also shown in 

fig. 2. 

7. A similar comparison for the trapezoidal section, Harvard case 

UI0-3, is shown in figs. 3 and 4, for Harvard and WES analyses~_r_espect~vely0 

Again results almost identical to the Harvard analysis were obtained; 

slight differences were due to the different grids used in the two analyses. 

Linear elastic analysis, 
eleven construction steps 

s. In the linear elastic analyses simulating an actual construction 

sequence, embankment layers of decreasing thicknesses were added in sequence. 

Displacements of the top of the added layer are printed out and then set to 
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zero in the program so that cumulative displacements reflect only the ad

dition of subsequent layers. This simulates a prototype condition where 

each layer consolidates under its own weight before subsequent layers 

are placed so that deformations computed at any elevation are caused only 

by the weight of overlying fill. 

9. The results of the linear 11-step construction analysis are shown 

in figs. 5 and 6 for the triangular and trapezoidal valley sections, 

respectively. These figures show the thicknesses of the 11 constructi'on 

steps assumed for construction of the embankment. The distribution of 

total displacement with depth along the center line also is shown in 

figs. 5 and 6; maxinum settlement occurs at the middepth. 'A very much 

smaller tension zone was obtained than in the preceding analyses, and 

values were lower while cr3 values were higher than in the linear 

single construction step analyses. 

Linear elastic, low tension 
modulus, eleven construction steps 

10. The analyses for the linear elastic case with a low tension 

modulus, 0.01 kg/sq cm, and 11 construction steps are summarized in 

fig. 7. The results are compared at selected points with other analyses 

in tables 1 and 2 for the triangular and trapezoidal valley sections, 

respectively (results were not plotted for the trapezoidal section). A 

slightly smaller tension zone was obtained than in the linear elastic 

analyses, also with an 11-step construction sequence (fig. 5). If a 

zero tension modulus had been used, which could not be done with the 

program used, no tension zone would have been obtai,ned. 

Nonlinear analysis, 
eleven construc~ion steps 

11. A tension zone was not obtained in the nonlinear analyses with 

an 11-step const~uc:ti-on~equence. -nie results for the triangular section 

are shown in fig. 8 (results are not plotted for the trapezoidal section) 

and are compared at selected points with other analyses in tables 1 and 2 

for the triangular and trapezoidal sections, respectively. stresses in 

the triangular section were similar to those in the triangular portion 
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of the trapezoidal section. A comparison of vertical displacements 

along the center line for the linear elastic and the nonlinear 11-step 

construction sequence for both the triangular section and the trapezoidal 

section is shown in. table 3. Displacements for the nonlinear analysis 

of the triangular section averaged about 0.6 of those for the linear 

elastic analysis. Displacements for the nonlinear analysis of the 

trapezoidal section averaged about 0.4 those for the linear elastic 

analysis. The o1 values were slightly lower and o3 values were 

significantly higher than the linear elastic construction sequence 

analysis, with o1/o3 ratios of about 1.2 to 1.3 compared to 1.6 to 

3. 0 for the linear elastic construction sequence analysis •. Also, in the 

nonlinear analysis principal stress directions were aligned more closely 

to the vertical and horizontal directions than in the other analyses. 

Comparison of analyses 

12. Comparisons of tension zones for the triangular and trapezoidal 

sections are shown in figs. 9 and 10, respectively. The linear elastic 

11-step analysis reduced the tension zone significantly, and the tension 

zone was eliminated in the nonlinear 11-step analysis~ .The linear elastic 

low-tension modulus ·11-step analysis produced the smallest tension zone 

for the linear elastic analyses. For the low tension modulus analysis, 

the computer program was modified to assign a modulus of 0.01 kg/sq cm to 

elements when o3 went into tension. This caused slightly higher hori

zontal stresses on adjacent elements. In addition, each step in the low 

tension modulus analysis was performed in four increments. This was some

what analogous to more construction steps. In the linear elastic analysis, 

tension occurred in the top elements of each added layer adjacent to ·the 

boundary, and the tenaLOil-Was- reduced- or reversed to compression when the 

next layer was added (increase in compression load). The same thing 

happened in the low tension modulus for each increment of an added layer. 

Thus the combination of low tension modulus and addition of layers in 

increments increased lateral compressive stresses (compare figs. 5 and 6) · 

and reduced the tension zone. 

13. In the nonlinear analysis each layer was also added in four 

5 



increments which produced higher lateral stresses and smaller deviator 
stresses than in the linear elastic analyses. As each increment of the 
layer was added, the modulus increased. However, as new layers were 
added, the modulus of the material belON the new layer decreased. As 
material was added, the stiffness of deeper layers decreased and resulted 
in higher cr3 stresses than the linear analyses, but the effect of in
cremental construction caused less deformation. 

14. A comparison of stress circles is shown in figs. 11 and 12 for 
the different analyses and elements listed in tables 1 and 2. These 
figures shON the large differences in principal and deviator stresses 
for the different analyses. It can be noted that for the nonlinear 
analysis was always higher than cr3 for the other analyses, and the 
deviator stress was always smaller. 

Summary 

15. The linear elastic 11-step construction analysis reduced the 
tension zone to a small area with moderate displacements and gave princi
pal stress values that were more plausible than those for a single 
construction step case. The nonlinear 11-step construction analysis 
eliminated the tension zone and produced apparently realistic principal 
stresses and stress directions. cracking in dams may partially result 
from stresses exceeding the tensile strength of the embankment soil. The 
nonlinear analysis did not consider tensile strength of the soil 1 and 
special laboratory tests and analyses would' be required to investigate this 
possibility~ The finite element program could be easily modified to in
clude tensile stress-strain properties. Also, analyses for high 0 
low c materials were not performed because of the limited scope of 
this study. 

16. The results of the nonlinear construction sequence analysis 
suggest that cracking -in -embankment dams on strong foundations with 
materials similar to those in canyon Dam may be caused by deformations 
occurring subsequent to construction. Field observations at other dams 
suggest that cracking is often caused by post-construction volume changes 
that occur when the reservoir is filled. 
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17. At the present time, the best qualitative approach to evaluating 

cracking of dams may be the linear elastic analysis with a one-step 

construction sequence; i.e., a gravity turn-on analysis. While this 

type analysis gives an unrealistic distribution of displacements with 

depth below the crest and unrealistic stresses, it may partially simulate 

the influence of post-construction volume changes. However, a nonlinear 

finite element analysis with.time-delayed volume changes can be developed 

and would be a better approach to studying cracking of dams. 

18. The importance of post-construction volume changes on cracking 

of dams suggests that special laboratory tests are desirable where crack

ing is expected to be a significant factor. Tests to determine volume 

change of fill materials upon saturation appear desirable. Such tests 

have been performed in the past but no standardized test has been developed. 

If possible, placement water contents should be selected that eliminate, or 

at least minimize, post-construction volume changes, and laboratory tests 

to determine this appear desirable for major structures. Tests and analyses 

to determine and evaluate the tensile strength of soils on cracking of darns 

also appear desirable. Further study and research are needed to develop 

appropriate methods ·for design purposes. 

19. · The influence of post-construction foundation settlements on 

cracking has not been investigated. This could be done using methods 

similar to those described in this study. 
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Table 1 
ComEarison of PrinciEal Stresses from Different Anal~ses 1 

Case IJI0-1 1 Trian~ular Section 

Angle from 
Horizontal 

Location a * a * to a3 (Element Fig. 1 3 
No. and T~e of l\nal~sis Number} No. ~ kgf..cm 2 ~deg a/a3 

1. Linear elastic, one step, Harvard 1 1 -0.54 2.18T NR** 
2. Linear elastic, one step, WES 1 2 -0.55 2.19T -5.2 NR 
3, Linear elastic, 11 steps, WES 1 5 -0.76 0.20T -20.7 NR 
11. Linear elastic, low tension modu- 1 7 -0.79 -O.Oo6 -26.7 NR 

lus, 11 steps, WES 
5, Nonlinear, 11 steps, WES 1 8 -0.91 -0.27 -41.6 3.4 

1. rn-1-H 6 1 -0.50 2.29T NR 
2. LE-1-WES 6 2 -0.50 2.30T o.5 NR 
3. LE-11-WES 6 5 -0.46 0.09 

T 
5.2 NR 

4. LE-LTM-11-WES 6 7 -0.52 -0.03 2.5 NR 
5. NL-11-WES 6 8 -0.47 -0.38 1.8 1.2 

1. LE-1-H 9 1 -1.53 l.37T NR 
2. LE-1-WES 9 2 -1.54 l.39T 4.4 NR 
3. LE-11-WES 9 5 -1.41 -0.17 6.4 8.3 
4. LE-LTM-11-WES 9 7 -1.36 -0.27 3.9 5.0 
5. NL-11-WES 9 8 -1.42 -1.04 2.3 1.4 

1. LE-1-H 26 1 -2.75 0.23T NR 
2. LE-1-WES 26 2 -2.75 0.23T 15.6 NR 
3. LE-11-WES 26 5 -2.39 -0.80 7.5 3.0 

. 4. LE-LTM-ll-WES 26 7 -2.38 -0.85 7.0 2.8 
5. NL-11-WES 26 8 -2.37 -1.80 4.3 1.3 

1. LE-1-H 33 1 -3.91 -o.4o NR 
2. LE-1-WES 33 2 -3.94 -o.42 19.6 NR 
3, LE-11-WES 33 5 -3 ,35· -1.23 9.3 2.7 
4. LE-LTM-ll-WES 33 7 -3.35 -1.28 8.9 2.6 
5, NL-11-WES 33 8 -3.33 -2.52 6.8 1.3 

2. LE-1-WES 62 2 -5.03 -1.21 26.o 4.2 
3. LE-11-WES 62 5 -4.31 -2.04 11.3 2.1 
4. LE-LTM-11-WES 62 7 -4.32 -2.08 11.1 2.1 
5. NL-ll-WES 62 8 -4.29 -3.42 10.3 1.2 

2. LE-1-WES 162 2 -7.27 -4.11 19.9 1.8 
3. LE-ll-WES 162 5 -8.38 -4.97 10.8 1.7 
4. LE-LTM-ll-WES 162 7 -8.39 -5.02 10.7 1.7 
5. NL-11-WES 162 8 -8.81 .7.45 7.9 1.2 

* Compression is (-), Tension is (+ )T. 
** NR = Not realistic. 



Table 2 

ComJ2arison of PrinciJ2al Stresses from Different Anal:z:ses 1 

Case 1110-3 1 TraJ2ezoidal Section 

Angle from 
Horizontal 

Location 
a • a * 

to a3 
(Element Fig, l 2 ~ ~deg a/a3 N0. nn<I 1':£Ee of' Anal:z:sis Number) No. kg/cm m 

-0.61 
T 1. Ur~enr elastic, one step, Harvard 1 3 2.87T NR** 

2. Linear elastic, one step, WES 1 4 -0.62 2.89T -5.6 NR 
3. Linear elastic, 11 steps, WES 1 6 -0.75 0.24T -19.8 NH 
4. Linear elastic, low tension modulus, 1 None -0.79 0.01 -26.0 NR 

11 steps, WF:S 
:1. llC'nlincar, l l steps, wi,;s 1 None -0.91 -0.27 -41.6 3.4 

6. T 1. lli-1-ll 3 -0.50 3.20T NH 
2. LE-1-\·:FS 6 4 -0.51 3.2~ -0.1 NH 
3. LE-11-Wl:.S 6 6 -o.46 0.15T 4.5 NR '·. LF-LTJ.1-11-WF.S 6 None -0.52 0.01 1.8 NH 
5. liL-11-W~:s 6 None -o.47 -0.38 1.8 1.2 

T 1. LF:-1-ll 9 3 -1.51 2.35T NH 
2. tr:-1-Wt:S 9 4 -1.52 2,37 1.9 NR 
3. 1.F:-11-V.'ES 9 6 -1.41 -0.05 5.5 NR 
4. LF:-r:rM-11-WES 9 None -1.47 -0.20 2.1 7.4 
r NL-11-wr:s 9 None -1.42 -1.02 2.3 1.4 /• 

1. LE-1-!I 26 -2.58 'r 
3 1.21T NR 

2... LE-1-Wl:S 26 4 -2.59 1.24 8.7 NR 
3. LE-11-llf:S 26 6 -2.37 -0.59 5.8 4.o 
''· u:-LTM-11-WES 26 None -2.48 -o.68 4.1 3.6 
). JIL-11-WES 26 None -2.37 -1.76 3.9 1.3 

-3.69 
T 1. LF:-1-!! 33 3 o.44T NR 

2. LE-1-v::r:n 33 4 .3.69 o.47 12.2 NH 
3. LE-11-v.'ES 33 6 -3.32 -0.95 7.2 3.5 
11. LF:-LTM-11-l·IES 33 None -3.43 -1.05 5.7 3.3 
5. llL-11-WES 33 None -3.32 -2.46 5.8 1.3 
2. LE-1-WES 62 4 -4.77 -0.51 18.o rm 
3. LE-11-WES 62 6 -4.28 -1.67 8.o 2.6 
4. LE-LTM-11-WES 62 None -4.29 -l.72 7.6 2.5 
5, NL-11-WF.S 62 None -4.27 -3.31 7,1 1.3 
2. LE-1-WES 162 4 -8.71 .3.86 21.4 2.3 
3, LE-11-WES 162 6 -8.76 -4.53 10.4 1.9 
4. LE·LTM-11-WES 162 None -8.77 -4.59 10.l 1.9 
). NL-ll -WES 162 None -8.91 -7.32 6.6 1.2 
2. LE-1-WF.S 227 4 .3.36 -2.19 25.9 1.5 
3. LE-11-WES 227 6 -3.31 -2.10 2.1 1.6 
Ii. LE-LTM-11-WES 227 None -3.31 -2.11 2.1 1.6 
5. llL-11-WES 227 None .3.32 -2.83 o.4 1.2 
2. LE-1-WES 248 4 -2.50 -2.09 ~6.o 1.2 
3. LE-11-Wr:s 248 6 -2.37 -1.57 o.6 1.5 4. LE-LTM-11-\'iFS 248 None -2.37 -1.58 0.5 1.5 
'). NL-11-v/ES 248 None -2.38 -2.02 -0.1 1.2 
2. tr:-1-v/ES 285 4 -5.03 -3.44 1.9 1.5 
3. LE-11-WES 285 6 -5.20 -3.22 -LO 1.6 
4. Le· LTM-11-WES 285 None -5.20 -3.23 -1.1 1.6 
5. NL-11-WES 285 None -5.22 -4.43 -o.8 1.2 
2. I.E-1-WES 3o4 4 -6.02 .3.83 -LO 1.6 
3. LE-11-WES 3o4 6 -6.16 -3.78 -1.7 1.6 
4. u:-Lm-11-wm 304 None -6.16 .3.80 -1.7 .. 1.6 
' liL-11-WES 3o4 None -6.17 -5.20 -1.4 1.2 ) . 
2. U:-1-WES 341 4 -9.04 -4.99 -1.2 1.8 
3. U:-11-\·/ES 341 6 -9.07 .5.11 -1.5 1.8 
4. LE·LTM-11-WES 341 None -9.07 -5.13 -1.5 1.8 
). !IL-11-l·:Es 341 None -9.03 -7.45 -1.8 1.2 
2. Ll.-1-WES 360 4 -10.oB -5.42 -0.8 1.9 
3. LE-11-WES 360 6 -10.05 .5.60 -1.1 1.8 
!; • LE-LTM-11-WES 360 None -10.05 -5.62 -1.1 1.8 
5. NL-11-WES 360 None -10.00 -8.20 -1.4 1.2 
2. LE-1-Wf:S 397 4 -13.05 -6.79 -o.o 1.9 
3. U:-11-WES 397 6 -12.96 .7.05 -0.1 1.8 
11. U:-LTM-WES 397 None -12.96 -1.01. -0.1 1.8 
5. UL-11-WES 397 None -12.89 -10.52 -0.2 1.2 

• Compression is (-), Tension is (+)T. 
• • !IR ~ !lot realistic • 



Table 3 

Comparison of ti Displacements for 

LE-11-WES and NL-11-WES 

Trian5ular Section TraEezoidal Section 
Vertical Vertical 

Relative Depth DisElacement DisElacement 
Below ti LE-11 NL-11 Ratio LE-11 NL-11 Ratio 

(zLH 2 H = 100 m} meters meters NLLLE meters meters NLLLE 

0.05 0.19 0.11 0.58 0.28 0.11 0.39 

0.10 0.37 0.20 0.54 0.53 0.20 0.38 

0.15 0.52 0.28 0.54 0.76 0.28 0.37 

0.20 0.65 0.35 0.54 0.95 0.35 0.37 

0.25 0.76 o.4o 0.53 1.11 o.41 0.37 

0.30 o.84 o.45 0.54 1.26 .o.45 0.36 

o.4o 0.93 0.52 0.56 1.44 0.52 0.36 

0.50 0.93 0.54 0.58 1.50 0.54 0.36 

0.60 0.85 0.52 0.61 1.44 0.52 0.36 

0.80 0.47 0.35 0.74 0.96 0.35 0.36 

Average 0.58 0.37 
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